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Die vorliegende Arbeit befasst sich dem Glykosaminoglykan (GAG) Hyaluronan (HA) und dessen 
Einfluss auf die Entwicklung des malignen Melanoms (MM). Das in der extrazellulären Matrix (ECM) 
reichlich vorkommende HA wird schon seit dem späten 20. Jahrhundert genauerer im Zusammenhang 
mit der Tumorentwicklung untersucht. Gegensätzliche Eigenschaften von HA, die zum einen Tumore 
fördern und zum anderen ihnen entgegenwirken, wurden seither veröffentlicht. Allgemeiner Konsens 
ist, dass das HA-Molekulargewicht über die verschiedenen Effekte von HA entscheidet. Momentan ist 
jedoch nicht ausreichend belegt, wie HA auf das Tumorwachstum einwirkt und welche HA-Größen dies 
speziell begünstigen. Diese Untersuchung basiert auf einem in vivo Knockout von der Hyaluronan 
Synthase 2 (Has2) in der Maus, der die Produktion von hoch-molekulargewichtigen HA (HMW-HA) 
weitestgehend einschränkte. Das Wachstum vom experimentellem MM wurde in Abwesenheit der 
meisten HMW-HA untersucht. Diese Arbeit versuchte den Beweis zu erbringen, dass das lokale 
Wachstum und die Metastasenbildung der MM-Zellen abhängig von der vorhandenen HMW-HA in der 
Nähe des Tumors ist. 
Der Has2-knockout in der Mauslinie C57BL6 wurde verifiziert und nach einem veränderten 
Phänotyp der Mäuse untersucht. Obwohl nahezu dreiviertel der absoluten HA Menge durch den 
Knockout fehlte, zeigten die Mäuse keinen offensichtlichen Veränderungen. Erst eine Messung der 
Haut-Permeabilität deutete auf eine womöglich verstärkte Ausbildung der Stratum corneum hin. Eine 
direkte Auswirkung vom fehlendem HA auf das Tumorwachstum und der Metastasierungsrate konnte 
nicht ausreichend belegt werden. Das verwendete Mausmodell sowie die Wahl des experimentellen 
Tumors werden in dieser Arbeit kritisch diskutiert. Parallel durchgeführte in vitro Versuche mit teilweise 
artifiziellen 3D Matrizen, die unterschiedliche Mengen von HA enthielten, zeigten einen stärkeren 
Einfluss von niedermolekulare HA (LMW-HA) auf die Proliferation und Invasion von MM Zellen. 
Diese Beobachtungen stimmen mit dem derzeitigen Konsens überein, dass LMW-HA aktivierende 
Signaltransduktion auslöst und HMW-HA eher homöostatisch wirkt.
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ZUSAMMENFASSUNG 
Einleitung – Viele Krebstherapien konzentrieren sich direkt auf die Tumorzellenzellen. Sei es, die 
Zellen gezielt zu zerstören oder deren Zellteilung zu stoppen. Die Wechselwirkung zwischen 
Tumorzellen und der Tumor-Mikroumgebung (TME) wurde für eine lange Zeit vernachlässigt. In 
letzten Jahren jedoch rückte sie in den Fokus der Tumorforschung. Gegensätzlich zu den sehr 
heterogenen Tumorzellen sind Stromazellen wie Fibroblasten genetisch homogener. Dadurch sind sie 
leichter anzusprechen und haben eine geringere Fähigkeit, Therapieresistenzen zu entwickeln. Eine 
gesunde TME hat das Potential Tumorwachstum zu bekämpfen. Ist sie hingegen geschwächt könnte sie 
den Tumor fördern. Eine Tumortherapie, die gezielt die tumorinhibierenden Eigenschaften der TME 
fördert, könnte gegen eine Vielzahl von Tumorarten zur Anwendung kommen. 
Die vorliegende Arbeit befasst sich mit dem Glykosaminoglykan Hyaluronan (HA), das reichlich in 
der extrazellulären Matrix (ECM) vorkommt. Die Rolle von HA bei der Tumorentwicklung wird schon 
seit dem späten 20. Jahrhundert genauerer untersucht. Seitdem wurden HA sowohl tumorfördernde also 
auch -inhibierende Effekte zugesprochen. Der derzeitige Kenntnisstand ist, dass das Molekulargewicht 
von HA über dessen verschiedene Funktionen entscheidet. Es ist jedoch noch nicht ausreichend belegt, 
wie HA auf das Tumorwachstum einwirkt und welche Rollen die HA-Größen haben.  
In der Haut, dem Entstehungsort des kutanen malignen Melanoms (MM), wird der Großteil der HA 
durch die Has2 in den Fibroblasten synthetisiert. MM-Zellen sind nicht in der Lage eigenständig HA zu 
synthetisieren. Dennoch fand man in Biopsien von MM Patienten, dass in der Nähe des Tumors 
vermehrt HA zu finden war. In vitro Experimente mit MM-konditioniertem Medium hatten gezeigt, dass 
die MM-Zellen durch Ausschüttung von parakrinen Faktoren die HA-Produktion in Fibroblasten 
induzieren. Außerdem führten höhere HA Konzentrationen wiederum zu höherer Teilungsrate der MM 
Zellen.  
Um jetzt die physiologischen Effekte von HA auf das Tumorwachstum in vivo untersuchen zu 
können musste zunächst ein Modell mit HA-Intervention etabliert werden. Ziel des gewählten Modells 
war es, die HA-Produktion zu verhindern, statt den sonst häufigen Ansätzen, eine Überproduktion zu 
erreichen. Grundlage der vorliegenden Untersuchung ist ein in vivo Knockout der HA-Synthase 2 (Has2) 
in der Maus. Der Knockout führte zu einer stark verminderten Produktion der hochmolekularen HA 
(HMW-HA), die am häufigsten im Körper vorkommt. Durch den induzierbaren Has2-knockout in der 
Maus sollte diese tumorbedingte, erhöhte HA-Akkumulation in der Haut aufgehoben werden.  
Der erste Teil dieser Arbeit beschäftigt sich mit der Charakterisierung des Has2-knockout 
Mausmodells. Im zweiten Teil wurden den Knockoutmäusen zwei murine MM-Zelllinien, entweder die 
aggressive B16F10 oder die moderate B78D14, intradermal (ID) oder intravenös (IV) injiziert. 
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Daraufhin wurde das primäre Tumorwachstum, die Tumorvaskularisation, die Tumordissemination und 
die Metastasenbildung in Wächter-Lymphknoten sowie in entfernteren Organen beurteilt. 
Das Ziel dieser Arbeit war es zu beweisen, dass das lokale Wachstum und die Metastasierungsrate 
der MM-Zellen von der Menge an HA in der Tumornähe abhängen. 
Methoden und Ergebnisse – Der induzierbare Knockout von Has2-exon2 wurde durch die 
Anwendung des Cre/loxP Systems realisiert. Die Mäuse wurden genetisch modifiziert, sodass sie 
ein Fusionsprotein bestehend aus einer Cre-Rekombinase und dem mutierten Östrogenrezeptor 
(ERT2) exprimieren. Der mutierte ERT2 bindet statt Östrogen den Östrogenantagonisten 4-
Hydroxytamoxifen (4OHT). Das inaktive Fusionsprotein CreERT2 befindet sich im Cytoplasma und 
wird durch Bindung von 4OHT in den Nukleus transportiert. Dort bindet die Cre-Rekombinase 
zwei benachbarte loxP Stellen in der DNA. Die dazwischenliegende (floxed) DNA wird zu einer 
Schleife geformt, die durch Rekombination an den zusammengeführten loxP Stellen abgeschnitten 
wird. 4OHT kann in vivo durch eine Injektion appliziert werden oder in vitro durch die Zugabe ins 
Zellkulturmedium. Der Ubiquitin-C-Promoter (UbC) wurde vor dem CreERT2-Genlocus platziert, 
sodass das CreERT2 ubiquitär in allen Zellen exprimiert wird. Im weiteren Verlauf dieser Arbeit 
werden die mit 4OHT behandelten Knockout-Mäuse und Primärfibroblasten als Has2-ko 
Mäuse/Fibroblasten bezeichnet. Die jeweiligen Kontrollgruppen mit fehlender Expression der 
CreERT2 wurden nach der Behandlung mit 4OHT als Ctrl Mäuse/Fibroblasten bezeichnet. 
Der primäre und entscheidende Parameter der folgenden Tumor-Experimente war die HA-
Konzentration in der Haut. Nachdem die 4OHT-Behandlung der Mäuse endete, erholten sich diese 
für mindestens 5 Tage, um restliches 4OHT zu metabolisieren und einen konsistenten Knockout 
zu etablieren. Daraufhin wurden die Mäuse fachgerecht getötet und ihre Haut durch HA-ELISA, 
DNA-, RNA- und Proteinanalyse sowie histologisch untersucht. 
Der HA-ELISA zeigte in Has2-ko Mäusen eine Reduktion des HA Gehalts der Haut um 72%. 
Dies wurde ebenfalls durch Messung der HA-Konzentration im Überstand der Has2-ko 
Fibroblasten-Kulturen bestätigt. Jedoch war der Effekt in Zellkultur mit 53% HA-Verlust nicht so 
ausgeprägt wie in der Maus. Die HA wurde mithilfe von Immunfluoreszenz-Mikroskopie in einem 
Hautquerschnitts sichtbar gemacht und bestätigte ebenfalls die konsistente HA-Reduktion durch 
alle Hautschichten hinweg. Die Genexpressionsanalyse des zu deletierenden Has2-exon2 zeigte 
ebenfalls einen Rückgang durch den induzierten Knockout. Hier waren die in vitro Werte in der 
Fibroblasten-Kultur, mit einem Verlust von 90% der Has2 Genexpression stärker als die Werte in 
der Haut mit nur 38% Verlust. Auf DNA-Ebene wurde ein nicht-erschöpfende Knockout des 
Zielgens Has2-exon2 in der Haut, in anderen Organen sowie in den Zellkulturen aufgedeckt. 
Letztendlich war der angestrebte Ganzkörper-Has2-Knockout unvollständig und resultierte 
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lediglich in einem Knockdown der Has2 Genexpression. Trotzdem inkorporierten die Has2-ko-
Mäuse 72% weniger HA in ihre Haut als die Ctrl-Mäuse. Die konsistente Reduktion der HA in der 
Haut wurde in beiden Geschlechtern über Monate hinweg bestätigt. 
Die physiologische Auswirkung auf die Has2-ko Maus-Haut wurde durch Elastizitätsmessung 
mit dem Rasterkraftmikroskop (AFM), durch Permeabilitätsmessung mit einer Franz-
Diffusionskammer und durch Messung der Hydration und dem transepidermalen Wasserverlust 
mithilfe eines Corneometer™/Tewameter™ untersucht. 
Trotz der substanziellen Reduktion der HA zeigten die Has2-ko Mäuse keine Veränderung im 
ruhenden Phänotyp. Hydration sowie trans-epidermaler Wasserverlust der Haut wurden mithilfe 
eines für die menschliche Haut entwickelten Corneometer™ und Tewameter™ gemessen. Die 
Ergebnisse wurden mit Sorgfalt evaluiert und zeigten keine signifikanten Unterschiede zwischen 
den beiden Gruppen Has2-ko und Ctrl. Die Elastizitätsmessung der Has2-ko und Ctrl Maushäute 
mit dem AFM zeigten einen konsistenten Verlust von sehr hohen Steifigkeitswerten in Has2-ko-
Proben, der auf höhere Elastizität der Has2-ko-Maushaut hinweisen könnte. Die Permeabilität 
wurde mithilfe von Fluoreszein-Diffusion durch die Haut gemessen. Die Varianz zwischen den 
Messungen waren hoch, aber die Auswertung durch gepaarte Gegenüberstellung zeigte eine 
geringere Diffusionsrate der Has2-ko-Maushaut. 
Eine DNA-Microarray-Analyse der Hautproben deutete auf eine induzierte small-prolin-rich-
protein-2a3 (Sprr2a3) -Expression in den Has2-ko Mäusen hin. Dies konnte teilweise durch RT-
qPCR-Analysen der Hautproben verifiziert werden. Sprr2a3 ist an der Entwicklung der obersten, 
komplett verhornten Schicht der Epidermis, dem cornified envelope, beteiligt. In Kombination mit 
den Ergebnissen aus den physiologischen Untersuchungen könnten die Has2-ko Mäuse eine, 
durch stärkere Verhornung der Epidermis, reduziertere Hautpermeabilität besitzen. 
Experimente mit konditioniertem Medium (CM) wurden durchgeführt. Das CM von MM-Zellen 
verstärkte in unbehandelten Fibroblasten die Has2 Genexpression und HA-Synthese. Umgekehrt 
lösten das CM der Ctrl-Fibroblasten eine höhere Proliferation (BrdU-Assay) in B16F10 MM-Zellen 
aus. Wie zu erwarten, führte das CM der Has2ko-Fibroblasten zu keiner Proliferationssteigerung 
der Tumorzellen. Diese Rückkopplung wurde schon für humane Fibroblasten und MM-Zellen 
veröffentlicht und wurde nun auch im murinen Modell bestätigt. Diese Ergebnisse rechtfertigten 
die Durchführung der Tumorversuche im Tiermodell. 
Die mit 4OHT behandelten Mäuse erholten sich für mindestens 5 Tage bevor B16F10 oder 
B78D14 Zellen in den rasierten, unteren Rücken intradermal injiziert (ID) wurden. Als Endpunkte 
für das Tumorwachstum wurden 9 Tage bei B16F10 und 16 Tage bei B78D14 entsprechend dem 
Tierversuchsvorhaben experimentell bestimmt. Zu den jeweiligen Endpunkten wurde 
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Tumorvolumen, -Gewicht, -Histologie, -Genexpression und der HA Gehalt der tumor-
interstitiellen Flüssigkeit (TIF) untersucht. Die TIF und das Stroma am Tumor (tumor-assoziierter 
Haut) wurden bezüglich der Expression von niedrig-molekulargewichtigen (LMW)-HA (<10 kDa 
HA) untersucht. 
Tumorquerschnitte zeigten, dass die Primärtumore sich zwischen Dermis und subkutanem 
Fettgewebe anwuchsen und nicht, wie erwartet, im intradermalen Bereich. Zusätzlich waren die 
Tumore stark eingekapselt und zeigten keine Interaktion mit dem umgebenden Stroma. 
Außerdem enthält humanes, noduläres MM üblicherweise stromale Einschlüsse im 
Tumorgewebe, die in dem vorliegenden Modell nicht gefunden wurden. Trotz der unveränderten 
Tumorvolumina zwischen Mäuse mit hohem oder niedrigem HA-Gehalt zeigten B16F10 Tumore 
eine 25% geringere Genexpression des Proliferationsmarkers Ki67 nach Has2-Knockdown. 
Bezogen auf B78D14 Tumore unterschied sich die Ki67 Genexpression nicht. Jedoch war hier das 
Tumorgewicht ein wenig leichter bei Mäusen mit niedrigen HA-Konzentrationen. Dieser Arbeit 
liegen Daten vor, die erklären könnten, wie die Proliferationsrate und das Tumorgewicht durch 
einen Has2-Knockdowm reduziert werden konnten, aber die Tumorvolumina unverändert 
blieben. 
Untersuchung der TIF bestätigte, dass die Tumormasse nicht wie erwartet viel HA enthielt. 
Interessanterweise hatte die tumorassoziierte Haut – das Tumorstroma – einen niedrigeren HA-
Gehalt verglichen zur gesunden Haut. Dies widersprach den Erwartungen, dass das Tumorstroma 
eine erhöhte Inkorporation von HA hat. Allerdings war generell der Anteil an LMW-HA im 
Tumorstroma Haut erhöhter als in gesunder Haut. Aber es wurden keine Unterschiede zwischen 
Mäusen mit und ohne HA-Knockdown beobachtet. 
Die Metastasierungsrate in den Wächter-Lymphknoten (LN) der ID-applizierten Tumore 
wurde untersucht. Jedoch zeigten sich keine Unterschiede zwischen Mäusen mit hoher und 
niedriger HA-Konzentration. 
Außerdem wurden den Mäusen B16F10 Zellen IV in die Schwanzvene gespritzt, um die HA-
abhängige Blutgefäßextravasation und die Metastasierungsrate in entfernten Organen wie der 
Lunge zu analysieren. Erneut wurden keine Unterscheide beobachtet. Aber die HA-
Konzentrationen der Lunge waren auffallend niedrig und das Has2-Knockdown erzeugte dort 
keine starke Reduktion der HA wie im Vergleich zur Haut.  
Als Alternative zum Mausmodell wurden parallel drei in vitro ECM-Modelle etabliert, um die 
Auswirkung unterschiedlicher HA-Konzentrationen auf das MM-Zellverhalten zu untersuchen. Im 
ersten Modell wurde eine zweidimensionale (2D) ECM durch Has2-ko- und Ctrl-Fibroblasten 
generiert. Im zweiten Modell, einer dreidimensionalen (3D) Erweiterung, wurden diese 
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Fibroblasten in eine Kollagenmatrix eingebettet, bevor sie ihre ECM-Bestandteile produzierten. 
Die größte Besonderheit des dritten, gänzlich künstlichen Modells war die Einarbeitung von 
spezifischen HA Konzentrationen und Molekülgrößen in eine Kollagenmatrix. Beide präsentierte 
MM Zelllinien wurden getestet, jedoch lagerte sich B16F10 nicht im 3D-Modell an. Somit wurde 
nur B78D14 genauer untersucht. Die Ergebnisse wurden im Journal der Royal Society of Chemistry 
veröffentlicht. 
In allen in vitro ECM-Modellen hatte die Konzentration von HMW-HA keinen Effekt auf das 
MM-Zellwachstum. Dies unterstreicht die in Mäusen hervorgebracht Ergebnisse, in denen die 
reduzierte Produktion von HMW-HA aus Has2 keinen Einfluss auf die MM Progression hatte. 
Interessanterweise lösten in allen drei Modellen HA-Fragmente, die durch Hyaluronidase-1 
(HYAL1)-Behandlung entstanden, oder die speziell verwendete 34 kDa HA eine erhöhte 
Proliferation der B78D14-Zellen aus. Nicht nur erhöhte sich die Proliferation, sondern auch die 
Invasionsrate und -tiefe der B78D14-Zellen war deutlich verstärkt. Es zeigt sich, dass die Effekte 
konzentrationsabhängig waren, da mehr 34 kDa HA diese Effekte verstärkten und mehr 1170 kDa 
diese stärker hemmten. 
Diskussion – Es wurde zuvor berichtet, dass HMW-HA durch seine großen Sekundärstruktur 
mehrere Hauptrezeptoren von HA (CD44) in räumlicher Nähe arretiert (Clustering). Das CD44 
Clustering hat einen hemmenden Effekt auf Signalkaskaden der Proliferation und Migration. Somit 
wirke HMW-HA homöostatisch, was Sinn ergeben würde, da HA eine reichlich vorkommendes 
Glycopolymer im Gewebe ist. Sobald HMW-HA in den 3D-ECM-Modellen vorhanden war, wurden 
keine Effekte auf die MM Zellen beobachtet. Erst die Zersetzung oder das gänzliche Fehlen von 
HMW-HA ermöglichte es den LMW-HA Fragmenten Proliferation und Invasion in MM-Zellen zu 
induzieren. Im Fall des präsentierten in vivo-Modells in Mäusen, war HMW-HA nie gänzlich 
entfernt und die homöostatische Wirkung auf MM-Zellen nie vollständig aufgehoben. Somit hatte 
auch die erhöhte Menge an von LMW-HA (<10 kDa) im Tumorstroma nicht den erwarteten, 
aktivierenden Effekt für die Tumorzellen. Auch unterschied sich die Menge an LMW-HA (<10 kDa) 
des Tumorstromas nicht zwischen Has2-knockdown- und Kontrollmäusen, weswegen in dieser 
Hinsicht auch keine Effekte zu erwarten waren. Nichtsdestotrotz suggerierten die in vitro 
Experimente in den 3D-Modellen, dass eine erhöhte LMW-HA-Konzentration die MM Progression 
tatsächlich verstärken könnte. 
Ein Grund, warum der HA-Knockdown keinen Einfluss auf die Metastasierungsraten zeigte, 
könnten sein, dass die aggressive B16F10 Zelllinie bereits maximal aktiviert war. Die LMW-HA 
konnte das Zellverhalten nicht weiter beeinflussen. Im Fall der B78D14 Zelllinie wurde vermutet, 
dass der untersuchte Zeitraum zu kurz war, um bei ihrem moderaten Charakter LN-Metastasen 
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zu bilden. Allerdings ließen sich B78D14 LN-Metastasen mit den angewandten Methoden nicht 
gänzlich ausschließen. 
Fazit – Die angestrebte Has2 Deletion mit dem induzierbaren Cre-loxP System löste einen 
Verlust von ungefähr 70% der HA in der Haut aus. Makroskopisch betrachtet hatte dieser 
signifikante Verlust keinen auffälligen Einfluss auf den ruhenden Phänotyp der Mäuse. Einzelne 
Ergebnisse weiterer (physiologischer) Untersuchungen führten zu der Hypothese einer 
reduzierten Hautpermeabilität aufgrund erhöhter Verhornung der Stratum corneum. Weitere 
Untersuchungen sind hier jedoch erforderlich. 
Das murine Tumormodell sowie die in vitro ECM-Modelle zeigten, dass der Verlust von Has2-
synthetisierter HMW-HA keine Auswirkung auf die MM-Aktivität und -Progression hatte. Die 
Schwäche des Modells war die geringe Tumor-Stroma-Interaktion der ID-applizierten Tumore. 
Darüber hinaus ist es möglich, dass das übrige HMW-HA in den Has2-Knockdown-Mäusen 
tumoraktivierende Effekte unterband. Die in vitro Modelle, die ausschließlich LMW-HA enthielten, 
zeigten eine aktivierende Rolle der LMW-HA Fragmente, was mit dem derzeitigen Verständnis 




Introduction – In general, most cancer therapies are focused on directly targeting different 
aspects of the tumor cells. The interaction of tumor cells with the tumor microenvironment (TME) 
has been neglected for a long time, but research focus has shifted in the past years. Contrary to 
the heterogeneous tumor cells, stromal cells are genetically more stable and would be less 
susceptible to classical mechanisms of therapeutic resistance. Targeting the TME could result in a 
cancer therapeutic application on several tumor types. TME has the potential to promote and 
impair tumor growth. Tackling points in TME-therapies could be both, decreasing tumorigenic 
potential or enhancing anti-tumoral effects. 
This work focuses on the influence of hyaluronan (HA), an abundant extracellular matrix 
(ECM) component within the skin, on the progression of malignant melanoma (MM). The HA’s role 
during tumor development has been under close investigation since the late 20th century. 
Opposing properties of HA benefiting and counteracting tumors were reported. Currently, a 
common assumption is that its molecular weight determines how HA exerts different functions. 
At present, it is not sufficiently investigated which HA species and how they impact tumor 
progression. Here, HA synthesis by hyaluronan-synthase 2 (Has2) is targeted for in vivo knockout 
to investigate MM progression in absence of high-molecular-weight HA (HMW-HA). 
Thus, this project aimed to prove that the efficiency of local growth (and metastasis) of 
malignant melanoma cells depends on the extent of HA deposition in the vicinity of the tumor. 
In the skin, the majority of dermal HA is synthesized by Has2 expressed in fibroblasts. The MM 
cells do not synthesize HA themselves. They rather induce dermal HA production by paracrine 
factors as several in vitro experiments showed with MM-conditioned medium on. To investigate 
in vivo effects of HA on tumor growth, a suitable model with dermal HA intervention was needed 
to be defined first. It was chosen to inhibit dermal HA production rather than overexpressing HA 
on cue. Theoretically, dermal HA expression should be elevated in presence of MM cells. Hence, 
dermal HA deposition by fibroblasts was abrogated by an inducible Has2-knockout mouse model. 
The phenotype was characterized in the first part of this work.  
Then, to investigate the impact of dermal HA on tumorigenicity, two murine MM cell lines with 
different growth characteristics were inoculated in the validated, immune-competent mouse 
model. The aggressive B16F10 and the moderate B78D14 MM cell lines were injected via 
intradermal (ID) or intravenous (IV) injection. Primary tumor growth, tumor vascularization, 
tumor dissemination, and metastasis formation in sentinel lymph nodes and distant organs were 
evaluated in correlation with the dermal HA-concentration. 
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It was expected, with decreased HA-concentration in the skin, primary MM would grow slower 
and the metastasis formation rate would be decreased. With significant differences in tumor 
progression further analysis, the mechanism behind HA-MM interaction was stipulated. 
Methods and results – The knockout of Has2-exon2 was established to be inducible by using 
the Cre/loxP system. The Cre recombinase was modified to be linked with a mutated estrogen 
receptor (ERT2) sensitive for 4-hydroxytamoxifen (4OHT), an estrogen antagonist. The inactive 
fusion-protein (CreERT2) is expressed into the cytoplasm and transported into the nucleus upon 
4OHT binding. There, the Cre recombinase excises DNA by annealing to flanking loxP sites (hence 
the term floxed) creating a loop. The loop will be excised with one loxP site remaining in the 
genome. 4OHT can be introduced in vivo by injection or in vitro by addition to the cell culture 
medium. The ubiquitin C promoter (UbC) was placed in front of the CreERT2 gene locus, which 
rendered the CreERT2 to be ubiquitously expressed in all cells. The results presented here were 
generated by using the inducible whole body Has2-knockout model. Knockout-inducible mice and 
primary fibroblasts treated with 4OHT were named Has2-ko mice/fibroblasts throughout this 
work. Their respective controls which lack the CreERT2 expression were named Ctrl 
mice/fibroblasts upon 4OHT treatment.  
The primary and essential parameter for the following tumor experiments was the HA-
concentration in the skin. Once 4OHT treatment of the mice ended, they recovered for at least 5 
days metabolize the remaining 4OHT and establish a consistent knockout. Then, the mice were 
sacrificed and the skin was investigated by HA-ELISA, DNA-, RNA-, protein-analysis, and histology. 
The HA-ELISA showed a decrease of HA incorporation into the skin by 72% in Has2-ko mice. 
This was also confirmed by measuring the HA concentration in the supernatant of Has2-ko 
fibroblast cultures; however, the effect was less pronounced with a loss of 53% secreted HA in 
vitro. Incorporated HA in the skin was visualized in cross-sections by immune fluorescence 
microscopy and confirmed consistent reduction throughout all skin layers. Gene expression of the 
targeted Has2-exon2 was also confirmed to be decreased upon knockout induction. Here, in vitro 
effects, with a loss of 90% Has2 gene expression, were stronger than in vivo, with a loss of 38% 
only. At the DNA level, incomplete knockout of the targeted Has2-exon2 was revealed in mice skin, 
other organs, and in cell culture. Ultimately, the intended whole body Has2-knockout was 
incomplete resulting in a knockdown of Has2 expression instead. Nevertheless, Has2-ko mice 
incorporated 72% less HA into their skin than the Ctrl mice. The strong reduction in HA-skin 
concentration was confirmed to be consistent in both genders throughout months after the 4OHT 
treatment. 
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The physiological impact on Has2-ko mouse skin was investigated by elasticity measurement 
with atomic force microscopy (AFM), by permeability measurement with a Franz diffusion 
chamber, and hydration/trans-epidermal-water loss was measured with a 
Corneometer™/Tewameter™, respectively. 
Despite the substantial reduction in HA, Has2-ko mice showed no change in resting phenotype. 
Skin hydration and trans-epidermal-water loss were measured with the Corneometer™ and 
Tewameter™ both designed for human skin. The results were carefully evaluated and showed no 
significant difference between the two groups Has2-ko and Ctrl. The elasticity measurement by 
AFM of Has2-ko and Ctrl mouse skins showed a consistent loss of very high stiffness values in 
Has2-ko samples, which could hint at higher elasticity of Has2-ko mouse skin. The permeability 
was measured by diffusion of fluorescein through the skin. Variances between measurements 
were high, but the paired comparison revealed a lower diffusion rate of Has2-ko mouse skin.  
A DNA-microarray analysis of the skin samples hinted at an induction of small-proline-rich-
protein 2a3 (Sprr2a3) expression in Has2-ko mice. This could be partially confirmed by a follow-
up RT-qPCR analysis of the skin samples. Sprr2a3 is involved in the development of the cornified 
envelope of the epidermis. Combined with the findings of physiological analyses, Has2-ko mice 
might have reduced skin permeability due to increased cornification of the epidermis. 
Conditioned media (CM) experiments were conducted. CM from MM cells induced Has2 gene 
expression and HA synthesis in naïve fibroblasts. Vice versa, CM from Ctrl fibroblasts induced 
higher proliferation (BrdU-assay) in B16F10 MM cells. As predicted, CM from Has2-ko fibroblasts 
did not induce proliferation in the tumor cells. This feedback loop was reported for human 
fibroblasts as well as MM cells, now, confirmed in a murine setup. The transition of tumor 
experiments from cell culture to animal experiments was supported by this data. 
Mice treated with 4OHT recovered for at least 5 days before B16F10 or B78D14 cells were 
injected intradermally (ID) into the shaved lower back. According to animal health regulations, 
tumor growth endpoints of 9 days for B16F10 and 16 days for B78D14 tumors were determined 
experimentally. At the tumor endpoints, tumor-volume, -weight, -histology, -gene expression, and 
the HA of tumor interstitial fluid (TIF) were investigated. The TIF and the stromal tissue at the 
tumor (tumor-related skin) were also analyzed regarding their expression of low-molecular-
weight (LMW)-HA (<10 kDa HA). 
Cross-sections revealed the tumors were located between the dermis and subcutaneous fat 
tissue instead of the intended intradermal location. Additionally, the tumors were tightly 
encapsulated and did not interact with the stromal tissue. Human nodular MM usually contain 
stromal inclusions into the tumor mass, which were not found in this experimental setting. 
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Although the tumor volumes – primary readout for tumor progression – did not differ between 
mice with a high and low amount of skin HA, B16F10 tumors showed a decreased gene expression 
of proliferation marker Ki67 by 25%. In the case of B78D14 tumors, Ki67 gene expression did not 
differ, but instead the tumor weight was slightly reduced in mice with low HA concentration. So 
far, data for a plausible explanation are missing, how the proliferation rate and tumor weight 
could be reduced by Has2 knockdown, but tumor volumes would remain unchanged. 
Investigation of the TIF confirmed, that the tumor mass did not contain much HA. 
Interestingly, HA in the tumor-related skin was reduced compared to healthy skin. This 
contradicted the expectation, that the stromal tissue has an elevated deposition of HA. However, 
the fraction of LMW-HA was generally elevated in tumor-related skin. But no differences between 
mice with and without HA knockdown were observed. 
The metastasis rate was investigated in sentinel lymph node (LN) of ID-injected tumor mice, 
but no differences were observed between mice with high and low HA concentrations.  
Additionally, mice were IV-injected with B16F10 cells through the tail vein to analyze HA-
dependent blood vessel extravasation and metastasis rate in distant organs like the lung. Again, 
no differences were observed, but here HA concentrations of the lung were strikingly low and the 
Has2 knockdown did not induce such a strong reduction of HA like observed in the skin.  
Three in vitro ECM models were generated as alternative models for the investigation of HA 
concentrations on MM cell behavior. In the first model, a 2-dimensional (2D) ECM was provided 
by Has2-ko and Ctrl fibroblasts. In the second model, those fibroblasts were embedded in collagen 
first before producing their ECM components, elevating it to a 3D model. The major feature of the 
third, fully artificial 3D model was the incorporation of specific concentrations and molecular 
sizes of HA into a collagen matrix. Both presented MM cell lines were tested, but B16F10 did not 
attach to the 3D models, hence only B78D14 was thoroughly investigated. The results were 
published in the journal of the Royal Society of Chemistry. 
In all in vitro ECM models, the concentration of HMW-HA did not affect MM cell growth, which 
underlines the results generated in mice, where reduced production of Has2 derived HMW-HA 
had no impact on MM progression. But interestingly, in all three models, the HA-fragment 
generated by hyaluronidase-1 (HYAL1)-treatment or specifically applied 34 kDa HA showed 
proliferative effects on B78D14 cells. Not only proliferation was increased, but also the invasion 
rate and depth of B78D14 cells were significantly enhanced. As higher 34 kDa HA concentrations 
increased those effects and higher 1170 kDa concentrations inhibited them, a concentration-
dependent mechanism of HA was shown. 
XI 
Discussion – It has been reported that HMW-HA with its large secondary structure can keep 
several main HA receptors (CD44) in a spatial lock. CD44 clustering had an inhibitory effect on 
pathways such as proliferation and migration. HMW-HA would then exert homeostatic signaling, 
which would make sense because HA is an abundant glycopolymer in tissues(Yang <i>et al.</i>, 
2012). Whenever HMW-HA was present in the 3D ECM models no effects on MM cells were 
observed. Only degradation or absence of HMW-HA lifted the CD44 clustering and made it 
possible for LMW-HA fragments to induce proliferation and invasion of MM cells. In the case of 
the presented in vivo model in mice, HMW-HA was never fully depleted, which could have kept 
the homeostatic signaling on MM cells up. Hence, the general increase of LMW-HA (<10 kDa) at 
the tumor border could not have the expected, activating effect on the tumor cells. Also, the 
amount of LMW-HA (<10 kDa) in the tumor-related skin did not differ between Has2-knockdown 
and control mice, which is why no effects were expected in this regard either. Nevertheless, the in 
vitro experiments in the 3D-models suggested that increased LMW-HA-concentration would 
indeed enhance MM progression. 
A reason, why the HA-knockdown did not show an impact on metastasis formation, might be 
that the aggressive B16F10 cell line was already activated to a point that LMW-HA did not change 
the cell behavior anymore. In the case of the B78D14 cells, it was assumed that their moderate 
characteristics did not lead to LN metastases formation in the investigated period. But the applied 
methods were insufficient to exclude B78D14 LN metastases with certainty. 
Conclusion – To sum up both parts – the Has2 knockdown characterization and the tumor 
experiments: Targeting Has2 expression with the inducible Cre-loxP system caused a loss of 
approximately 70% overall HA in the skin. Macroscopically, this significant loss did not strikingly 
affect the mice’s resting phenotype. But results from further (physiological) investigations led to 
the hypothesis of a reduced skin permeability due to elevated cornified envelop development. 
Further investigation is required. 
The mouse tumor models and in vitro ECM models showed that loss of Has2-derived HMW-HA 
did not interfere with MM activity and progression. The major weakness of this model was the 
low tumor-stroma interaction of ID inoculated tumors. Beyond that, one could imagine that the 
remaining HMW-HA in the Has2-knockdown mice inhibited tumor-activating effects. The in vitro 
models containing solely LMW-HA showed an activating role of LMW-HA fragments which falls in 
line with the current understanding of HA physiology.  
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In 2018, roughly 17 million cases of cancer incidences were recorded worldwide (Worldwide 
cancer data, 2018). Malignant melanoma (MM) of the skin made up 1.7% which were 287,723 
patients, suffering from this highly lethal disease. Between 1990 and 2005, MM incidences were 
doubled with an annual increase between +2% to +10% in European countries (Fritsch, 2009). 
Worldwide rates of MM have been increasing for 20 years with nearly 300,000 new cases in 2018. 
The prognosis for the next 20 years predicted an increase to 450,000 new cases per year. The 
highest rates are found in high-income countries like Germany (Continous Update Project Expert 
Report 2018: Diet, nutrition, physical activity and skin cancer., 2018; Garbe et al., 2019). MM 
therapy was revolutionized by approval of checkpoint-inhibitors in 2011 (Karlsson and Saleh, 
2017), achieving increased long term survival rates. However, many patients still do not respond 
to new therapy (Fares et al., 2019). MM and other cancers are still a leading cause of death, already 
overtaking cardiovascular diseases as the former number one leading cause of death in some 
countries (Karlsson and Saleh, 2017). 
In many cancer diseases, the primary tumor itself is not life-threatening, but the metastasis to 
functionally important organs. Earlier tumor research focused on abrogating tumor-cell 
development or directly targeting tumor cells with chemotherapeutics. More recent research 
vastly extended the understanding of the stromal tissue adjacent to the tumors, also known as the 
tumor microenvironment (TME). Interaction of cancer cells with stromal cells or the extracellular 
matrix (ECM) may become critical intervention routes, especially to prevent tumor cell 
dissociation from the primary tumor and subsequent metastasis formation. New insights in 
tumor-stroma interactions correlated high stromal hyaluronan (HA) concentration in TME with a 
worse outcome for various cancer patients (Lipponen et al., 2001; Pirinen et al., 2001). In vitro 
experiments proved that the presence of HA in cell culture promoted MM cell proliferation and 
migration (Thomas et al., 1992; Willenberg et al., 2012). Furthermore, the main HA cell-surface 
receptor CD44 was found to be increased in MM cells, but not in melanocytes. The increase of 
CD44 during malignancy has also been shown to be true in human MM samples (Ahrens et al., 
2001). Although a link has been established between HA and MM, the current understanding of 
HA’s mode of action on cancer cells is insufficient. Further insights may provide substantial 
tackling points for future therapies. 
This work focuses on the influence of HA, an abundant ECM component within the skin, on 
MM progression. The HA’s role during tumor development has been under close investigation 
since the late 20th century (Lozzo and Muller-Glauser, 1985; Toole, 2004). Opposing properties of 
HA benefiting and counteracting tumors were reported (Zeng et al., 1998; Willenberg et al., 2012). 
Introduction 
2 
Currently, a common assumption is that its molecular weight determines how HA exerts different 
functions. At present, it is not sufficiently understood which HA species and how they impact 
tumor progression. Here, HA synthesis by hyaluronan-synthase 2 (Has2) is targeted for in vivo 
knockout to investigate MM progression in absence of high-molecular-weight HA (HMW-HA). 
1.1 STRUCTURES OF THE SKIN 
The tumor’s cellular origin and location are crucial information to find feasible tackling points 
in cancer treatment. Aberrant growth of melanocytes is the cause for MM of the skin, the humans’ 
largest organ. The skin is the utmost barrier between organisms and the environment. The human 
skin’s area adds up to 2 m2 and builds a complex, functional interface for body temperature 
regulation, sensory registration, and regulation of substance loss and uptake. Furthermore, it 
protects the body from mechanical stress and radiation. To fulfill those functions the skin 
comprises several fine layers. These can be grouped into three general compartments (Figure 1) 




Figure 1: Schematic view of the skin layers1 
Shown are the three skin layers epidermis, dermis, and subcutaneous from top to bottom. This graphic depicts human skin. 
In mice, the basement membrane between the epidermis and dermis (rose cell line) has no wave-like form (ger. Reteleisten) 
and the epidermis is much thinner. 
 
 




The epidermis itself, the origin of MM cells, is also divided into four layers. From outside to 
inside, there are stratum corneum, stratum granulosum, stratum spinosum, stratum basale. All 
epidermal cells originate in the stratum basale. Physiologically, it allows for the diffusion of soluble 
mediators and paracrine communication between epidermal and dermal cells, and only immune 
cells can migrate through this layer (Terhorst, 2013). The main proportion of cells in the stratum 
basale are keratinocytes with melanocytes, the precursors of MM cells, sprinkled in between 
(Figure 2). 
While keratinocytes proliferate, a random proportion remains as stem cells in the basal layer 
and the other starts to differentiate and migrate outwards into the stratum spinosum (Houben, De 
Paepe and Rogiers, 2007). There, they stop to proliferate and start to change their morphology 
from a cubic into a flat, stratified shape and increase expression of adherence junctions and 
desmosomes for tighter cell-cell interaction (Simpson, Patel and Green, 2011). As they do, they 
move upwards into the stratum granulosum, where the differentiating keratinocytes start the 
formation of the cornified envelope, a water-resistant layer of proteins and lipids, beneath the cell 
membrane. During that process, they continuously lose water and shrink in volume. As they reach 
the stratum corneum, keratinocytes are fully differentiated to corneocytes. Corneocytes are 
constantly formed, the old ones are shed (desquamation) from the skin (Fritsch, 2009).  
Meanwhile, melanocytes remain in the stratum basale. As pigment cells, they produce UV-light-
absorbing melanin, which they distribute to surrounding keratinocytes (Fritsch, 2009). 
During embryogenesis, keratinocytes and melanocytes both emerge from the ectoderm, but 
with different routes. Keratinocytes are formed directly by the ectoderm and assemble the 
epidermis while melanocytes migrate there from the neural crest (neuroectoderm). The neural 
crest is a temporary group of cells formed parallelly to the neural tube (Lo and Fisher, 2014; Mort, 





Figure 2: Schematic view of the epidermis2 
Structural cells of the epidermis are mainly keratinocytes and melanocytes (precursor of MM cells). The keratinocytes 
proliferate in the stratum basale and migrate upwards undergoing differentiation into corneocytes until they reach the 
stratum corneum. Melanocytes migrate into the epidermis during embryonal development. Their role is to produce melanin 
for the surrounding cells, which provides protection from UV light for the skin. 
 
The basement membrane lies between the epidermis and dermis and consists of laminin, type 
IV collagen, nidogen, and perlecan (Breitkreutz et al., 2013). It is a specialized extracellular matrix 
(ECM) that limits cell migration between both skin layers. Epidermal cells of the stratum basale 
are connected with the basement membrane by hemidesmosomes (Chan and Inoue, 1994).  
The dermis is a connective tissue which provides the skin its elasticity and flexibility can be 
divided into two layers, stratum papillare and reticulare. The superficial (upper) stratum papillare 
contains more dermal cells and has higher vascularization. With a looser fiber structure, it is 
connected to the basement membrane. The stratum reticulare below has fewer cells and a tighter 
network of fibers, which provides the mechanical functions of the skin. There, the hair follicles 
and sweat glands (in humans) originate. The major cell types of the dermis are fibroblasts, 
macrophages, and mast cells. On the molecular level, the dermis provides structure, acts as a water 
 




reservoir, and maintains electrolyte homeostasis. Besides the cells, it comprises largely of 
extracellular components such as collagen, elastin, and a mucous substance composed of 
proteoglycans, glycoproteins, and glycosaminoglycans such as HA (Terhorst, 2013).  
Collagen is a group of main structural proteins of all connective tissues and forms a mesh 
network parallel to the skin surface and deeper in the dermis. In the skin, collagen types I, III, and 
VI prevail forming wavelike structures, that give the skin its strength but also elasticity. The cells 
and fibers are embedded into the extracellular matrix, which can be imagined as a porous gel 
(Terhorst, 2013).  
Vascular support of the skin can be divided into two vascular plexi. One below the stratum 
papillare and a larger one between the dermis and subcutis. Both provide the skin with 
metabolites and fluids and enable the removal of waste products. The vascular system is also 
capable of regulating temperature and blood pressure by dilatation and contraction. And as a 
sensory interface, the epidermis and dermis are both equipped with sensible and vegetative nerve 
ends (Terhorst, 2013). 
The subcutis is below the dermis and consists of loose connective tissue and subcutaneous fat 
tissue. It acts mainly as an energy reservoir and heat sink (Terhorst, 2013). 
1.2 THE MALIGNANT MELANOMA 
The most lethal form of skin cancer is MM. Like benign melanocytic naevi, cutaneous MM 
consist of deviated melanocytes of the skin. Although one could expect them to emerge from 
melanocytic naevi, the majority of MM arise de novo (Cymerman et al., 2016). A high proliferation 
rate allows MM to grow quickly larger than typical melanocytic naevi (>5mm diameter). While the 
aberrant melanocytes grow above the basal lamina, it is called melanoma in situ. Removal at this 
stage is unproblematic and results in complete, long-term recovery. Unfortunately, early 
discovery of melanoma in situ is difficult and many MM are diagnosed in later stages, where the 
cells had broken through the basal lamina and protruded deeper towards blood vessels. From this 
point on, the prognosis for MM patients becomes worse and metastasis into distant organs 
ultimately leads to organ failure and death. (Fritsch, 2009; Rassner, 2009; Terhorst, 2013; Fritsch 
and Schwarz, 2018) 
1.3 THE TUMOR MICROENVIRONMENT (TME) 
Bi-directional communication between stromal cells and components is important for tissue 
homeostasis in health or tumor environment. During early tumor stages, healthy stroma may limit 
tumor progression. But according to Paget’s “seed and soil” theory, compromised stroma (the soil) 
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loses the homeostatic function and consequently, suppressed cancer cells (the seed) may start to 
proliferate, disseminate, or form new metastases. The damaged stroma might result from aging 
or can be formed by other diseases, and by the tumor itself (Paget, 1889). 
In general, most cancer therapies are focused on targeting different aspects of the tumor cells 
directly. The interaction of tumor cells with the TME has been neglected for a long time, but 
research focus has shifted in the past years. Contrary to the heterogeneous tumor cells, stromal 
cells are genetically more stable and would be less susceptible to classical mechanisms of 
therapeutic resistance. Targeting the TME could result in cancer therapeutics which apply to 
several tumor types. TME has the potential to promote and impair tumor growth. Tackling points 
in TME-therapies could be both, decreasing tumorigenic potential or enhancing anti-tumoral 
effects (Quail and Joyce, 2013). One example of the success of TME-therapies is the immune-
therapies that re-activate the immune system to attack the tumor cells (Hodi et al., 2010; Sharma 
et al., 2011; Lo and Fisher, 2014). Although higher long-term survival rates with new (immune) 
therapies have been achieved, not all MM patients do respond (Fares et al., 2019). Therefore, 
understanding the TME, its components, including their role during cancer progression is crucial. 
Tumor stroma and TME are handled as synonyms that describe the noncancer components in 
the vicinity of tumor cells (Hanahan and Coussens, 2012; Chen and Song, 2019). This includes 
tumor-associated cells like fibroblasts, macrophages, lymphocytes, endothelial cells (blood 
vessels) but also acellular components summarized as ECM. Triggered by the tumor, tumor-
associated cells either expand locally from the stroma or can be recruited i.e. from distant bone 
marrow to aid tumor progression. Examples of tumor-associated cells in the stroma are cancer-
associated fibroblasts (CAF) and tumor-associated macrophages (TAM) (Kim et al., 2012). 
Especially, fibroblasts and CAFs produce ECM proteins and molecules such as collagens, 
fibronectins, laminins, and HA (Willenberg et al., 2012; Chanmee, Ontong and Itano, 2016). They 
also contribute to ECM remodeling by expression of growth factors and matrix metalloproteinases 
(MMP) induced by the tumor (Bonnans, Chou and Werb, 2014).  
1.4 HYALURONAN 
As mentioned, an abundant polymer of the dermis is HA. To understand its role during tumor 
progression, especially in solid tumors like MM, knowledge of structure, molecular function, and 
physiological function is required. 
1.4.1 HA Structure 
HA is an abundant glycosaminoglycan (GAG) of the ECM, consisting of linear disaccharide 
repeats of D-glucuronic acid (GlcUA) and N-acetyl-D-glucosamine (GlcNAc), linked via alternating 
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β-(1→4) and β-(1→3) glycosidic bonds (Hascall and Esko, 2015) (Figure 3). Unlike other GAGs, 
HA is not sulfated and is not attached to a protein core (Day and Prestwich, 2002). A single HA 
polysaccharide can comprise up to 30,000 repeats resulting in average molecular weights 
between 105 and 107 Dalton. Due to the many carboxyl groups on the GlcUA, HA is negatively 
charged under physiological conditions (Toole, 2004; Cowman et al., 2011; Anderegg, Simon and 
Averbeck, 2014). This makes it possible to separate HA strands by size during electrophoresis 
(Cowman et al., 2011). The long HA strings form voluminous random coils, with the ability to 
attract and retain water with high efficiency (Laurent, 1987).  
 
Figure 3: HA polymer structure3 
HA is a large polysaccharide found abundantly in the ECM. It belongs to the GAGs but is not attached to a core protein and 
therefore it is also not part of a proteoglycan. The building blocks of HA are GlcNAc and GlcUA alternately connected by 
glycosidic bonds. 
1.4.2 HA anabolism 
From the four general types of GAGs heparin/heparan sulfate, chondroitin sulfate/dermatan 
sulfate, keratan sulfate, and HA, the latter is the only one not synthesized in the Golgi apparatus, 
but directly at the plasma membrane. Therefore, it does not undergo post-translational anchorage 
to core proteoglycans by O- or N-linked glycosylation (Itano and Kimata, 2002). The three HA-
producing, transmembrane isoenzymes hyaluronan-synthases (HAS) 1, 2, and 3 share 55 to 71% 
PCR product homology (Spicer and McDonald, 1998). Known from cell cultures, HAS2 expresses 
the largest HA molecules (Figure 4) with 3×105 to >2×106 Da compared to HAS3 products of 
<2×105 to ~3×105 Da (Itano et al., 1999). HAS1 can also produce large HA molecules as HAS2 but 
to a lesser amount (Andrew P. Spicer and McDonald, 1998).  
 
3 Image taken from (Anderegg, Simon and Averbeck, 2014) 
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Unlike protein and nucleic acids, GAG synthesis is not template driven. All HAS use 
intracellular UDP-GlcUA and UDP-GlcNAc as substrates to form the HA strand. The enzymes add 
the HA substrates together on the plasma side and push the newly formed HA chain into the 
extracellular region, where it most likely remains connected with the HAS (Figure 4). HA synthesis 
is strongly regulated by the available substrates but HAS activity is also modified by their post-
translational phosphorylation or ubiquitination (Tammi et al., 2011; Vigetti and Passi, 2014).  
  
Figure 4: HAS isoenzymes and their respective HA-product size4 
All three isoenzymes synthesizing HA are transmembrane proteins. During HA synthesis by alternately adding GlcNAc and 
GlcUA, the newly formed HA strand is protruded out of the cell. HAS2 is responsible for the most expressed HA. Its HA 
products have an average molecular size of ~2×106 Da. Less HA is produced by HAS3 with lower average sizes of ~2×105 Da. 
The least HA is expressed by HAS1 but at the same sizes as HAS2. 
 
1.4.3 HA catabolism 
HA degrading enzymes are hyaluronidase-1 and -2 (HYAL1 and 2). Recently discovered to be 
able to degrade HA too are the Cell-Migration-Inducing And Hyaluronan-Binding Protein (CEMIP, 
also known as KIAA1199, Yoshida et al., 2013) and the Transmembrane Protein 2 (TMEM2, 
Yamamoto et al., 2017). HYAL2 is secreted into the ECM, where it degrades HMW-HA into smaller 
chains (100-250 kDa), which are then endocytosed through CD44 or HA-receptor for endocytosis 
(HARE). CEMIP-degraded HA at the cell membrane is internalized by clathrin-coated pits (Yoshida 
et al., 2013). Within lysosomes, HA is further degraded by HYAL1 under acidic conditions to 
disaccharide units. HYAL1 and HYAL2 cleave the (1-4)-linkages between GlcNAc and GlcUA 
 
4 Image taken from: https://www.glycoforum.gr.jp/article/02A7.html 
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(Stern, 2003) and CEMIP is assumed to resolve β-endo-N-acetylglucosamine bonds (Yoshida et al., 
2013). 
Extracellular HA makes up the pericellular region surrounding the cell and then can be cleaved 
and shed into the ECM. There, it acts as a water reservoir and the mucous property acts as a cell 
cushion. In contrast to HA are the relatively stiff collagen fibers. Despite the stiffness, the physical 
deformation of the mesh network of interacting collagen fiber does provide an elastic function to 
the tissue (Berg, Tymoczko and Stryer, 2007). Turnover of extracellular HA was not intensively 
investigated, but in the skin, it’s approximately degraded in one day (Maytin, 2016), and HA half 
time in the bloodstream is as short as 2-5 minutes (Fraser et al., 1981). 
In addition to cleavage by HYAL2, HA can be degraded by several reactive oxygen species 
(ROS) which are elevated especially at sites of inflammation. For example, the degradation of HA 
in the joint synovial fluid has been linked to rheumatoid arthritis, where an increased amount of 
ROS is produced. Generally, ROS like an OH-radical can induce β-cleavage of the glycosidic bond 
between GlcNAc and GlcUA or between GlcUA and GlcNAc (Šoltés et al., 2006). 
1.4.4 HA binding proteins 
HA itself, since it is directly secreted out of the cell, does not undergo further post-synthesis 
modifications. But some proteins have HA recognition motives and crosslink to the extracellular 
HA chains (hyaladherins). Tumor necrosis factor-inducible gene 6 protein (TSG6) for example can 
directly bind HA leading to HA cross-linking (Lesley et al., 2004; Baranova et al., 2013). TSG6 also 
acts as a catalyst for the transesterification of heavy chains (HC) from inter-α-trypsin-inhibitor 
(IαI) onto HA. Several HC on different HA strands can interact and result in HA cross-linking (Rugg 
et al., 2005). Crosslinked HA can occur in forms of HA-fibers or -sheets, which for example can 
lead to strong interaction with naïve CD44-positive leucocytes (Abbadi et al., 2016).  
The proteoglycan aggrecan found in cartilages of joints consists of chondroitin sulfate and 
keratan sulfate GAGs which are connected to a core protein. Several aggrecan molecules are non-
covalently connected to a single HA strand via its G3-domain and one link protein. The high 
number of anionic filaments of the aggrecan and HA force those filaments to extend from each 
other taking up a large volume. With the addition of water, aggrecan further swells and thus gains 
its crucial dampening function in cartilages (Kiani et al., 2002). 
For biotechnological purposes, HA-binding proteins (HABP) are used to highlight HA for 
immunofluorescence microscopy or HA-concentration measurements with an ELISA-like system. 
Therefore, biotinylated HABP (bHABP) affinity-purified from bovine cartilage and the 
recombinant biotinylated versican G-1 (bVG1) protein are commonly used. Those proteins are 
Introduction 
10 
proteoglycans with a high affinity to HA. In addition, versican does not cross-react with other 
GAGs or DNA (Clark et al., 2011). 
1.4.5 HA cell surface receptors 
HA can bind to several transmembrane proteins: CD44, RHAMM, HARE, LYVE1, TLR2, and 
TLR 4. As mentioned, the molecular size of HA is the cause of context-dependent cell signaling 
(Vigetti et al., 2014). It is assumed that HMW-HA can cluster several membrane receptors in 
spatial proximity, leading to a different signaling pathway than LMW-HA, which cannot connect 
to several receptors at the same time (Stern, Asari and Sugahara, 2006). A recent investigation of 
the pericellular HA-coat proposed that HMW-HA acts like a fence between ECM and cell 
membranes. The pickets of the fence are made of the abundant CD44 transmembrane-receptors 
on the cell membrane, which themselves are linked to the intracellular actin-skeleton and 
therefore held in place. The publication showed that cytoskeletal modification can release CD44 
for lateral diffusion, which then opens up holes in the pericellular HA-fence for the interaction of 
ECM molecules with the cell membrane (specifically Fcγ-receptors with antibodies for 
phagocytosis) (Freeman et al., 2018). While the equilibrium of HMW- to LMW-HA might be shifted 
towards small HA molecules, the pericellular HA could be thinned out or leaves holes in the fence, 
inhibiting the barrier function and allowing continuous interaction of ECM with the cell 
membrane receptors. 
Under physiological conditions, LMW-HA is removed from the ECM by internalization with 
CD44 and intracellular hydrolysis. However, in unhealthy or stressed tissue, LMW-HA levels in the 
ECM are increased and LMW-HA can then bind more frequently to other HA-receptors, but 
without the receptor-clustering effect. It is proposed that this singular binding mechanism leads 
to the activation of inflammatory pathways, induce NF-κB signaling, and metalloprotease 
production (Fieber et al., 2004; Voelcker et al., 2008; Vigetti et al., 2014). The cellular effects of 
activated HA receptors are very diverse (see Figure 5), but in the context of tumorigenesis, it is 




Figure 5: Signal pathways of HA receptors5 
Overview of reported intracellular signal transduction activated by HA binding on cell-membrane receptors. 
 
1.5 HYALURONAN IN MALIGNANT MELANOMA 
In vivo experiments blocking intrinsic HA synthesis by tumor cells in colon carcinoma also 
reduced subcutaneous tumor growth and vascularization (Simpson, Wilson and McCarthy, 2002). 
Furthermore, blocking the interaction between CD44 and HA decreased tumorigenesis in several 
in vitro and in vivo tumor models, which resulted in early clinical trials with anti-CD44v antibodies 
(Misra et al., 2015). Unfortunately, adverse effects stopped the clinical trials.  
Whether HA is synthesized by tumor or by stromal cells depends on the tumor type. Breast 
and colon carcinomas are known to have intrinsic HA production, whereas MM depends on the 
synthesis by stromal fibroblasts (Willenberg et al., 2012). Data from the clinic revealed an 
increased deposition of HA in the MM vicinity (Willenberg et al., 2012). High HA-content of tumor 
tissue and surrounding stroma correlated with more aggressive tumor progression and worse 
outcomes for tumor patients. Contrary to those conclusions, HA had also shown tumor-
suppressive properties and the current understanding of HA’s physiological role is broken down 
to the specific molecular size of HA. Smaller HA fragments – known as small-HA (sHA), oligo-HA, 
or low-molecular-weight HA (LMW-HA) – are regarded as pro-inflammatory factors, whereas the 
large HA – known as high-molecular-weight HA (HMW-HA) or very-HMW-HA (vHMW-HA) – 
 




express homeostatic, anti-inflammatory signals. In this line, the astonishing tumor resistance of 
naked mole rats was attributed to the high content of vHMW-HA in the connective tissue (Tian et 
al., 2013). Inflammation itself at the tumor site may exert contradicting effects on tumor growth 
but tend to benefit cancer cells. With that in mind, LMW-HA is assumed to support tumor 
progression and HMW-HA would be anti-tumorigenic. 
In order to clarify the role of HA’s molecular size, exact measurements are necessary. But up 
to date, size determination in tissue remains a difficult task without a general guideline for 
comparable results.  
1.6 AIM OF THE THESIS 
This work is focused on translating previous in vitro results into a mouse model. HA is one of 
the structural molecules in the ECM. The three-dimensional and mechanistical effects of bound 
HA could not be reproduced in vitro because HA was either attached to a two-dimensional surface 
or free-floating in solution. 
Thus, this project aimed to prove that the efficiency of local growth (and metastasis) of 
malignant melanoma cells depends on the extent of HA deposition in the vicinity of the tumor. 
In the skin, the majority of dermal HA is synthesized by Has2 in fibroblasts. MM cells do not 
synthesize HA themselves. They rather induce dermal HA production by paracrine factors as 
several in vitro experiments showed with MM-conditioned medium on fibroblasts (Edward, 2001; 
Pasonen-Seppänen et al., 2012; Willenberg et al., 2012). In order to investigate the physiological 
effects of HA on tumor growth in vivo, first a suitable model with dermal HA intervention needed 
to be defined. It was chosen to inhibit dermal HA production rather than overexpressing HA on 
cue. Theoretically, dermal HA expression should be elevated in presence of MM cells. Hence, 
dermal HA deposition by fibroblasts was abrogated by a Has2-knockout mouse model. The 
phenotype was characterized in the first part of this work.  
Then, to investigate the impact of dermal HA on tumorigenicity, two murine MM cell lines with 
different growth characteristics were inoculated in the validated, immune-competent mouse 
model. The aggressive B16F10 and the moderate B78D14 MM cell lines were injected via 
intradermal (ID) or intravenous (IV) injection. Primary tumor growth, tumor vascularization, 
tumor dissemination, and metastasis formation in sentinel lymph nodes and distant organs were 
evaluated in correlation with the dermal HA-concentration. 
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It was expected, that with decreased HA-concentration in the skin, primary MM would grow 
slower and the metastasis formation rate would be decreased. With significant differences in 






Figure 6: Workflow of the experiments 
The Has2 knockout induction with 4-hydroxytamoxifen (4OHT) was performed either in mice (in vivo) or on primary fibroblast 
cultures (in vitro). The isolated fibroblasts were used to confirm successful Has2 deletion in this work. However, they were 
also used in further in vitro tumor models, not described here (ECM Models and Chorio-Allontoic-Membrane (CAM) assay). 
In mice, MM cells were introduced intradermally (ID) or intravenously (IV). In addition to tumor evaluation, the effects of the 
Has2-knockout and subsequent abrogated HA synthesis were evaluated in those mice. 
 
2.1 MURINE MALIGNANT MELANOMA CELL LINES 
The presented C57BL6 mouse strain had a fully functional immune system, which would lead 
to the rejection of xenografts, e.g. human MM cell lines. Therefore, B16F10 and B78D14 cell lines, 
both derived from B16 mouse MM (Alvarez, 2011), were used. 
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B16F10 was purchased from ATCC® (Number: CRL-6475™) and B78D14 was kindly provided 
by Prof. Dr. Dr. Jürgen C. Becker (Becker et al., 1996). The cells were cultured in Dulbecco’s 
Modified Eagle’s Medium (DMEM, Biochrom) supplemented with 10% fetal calf serum (FCS, 
Biochrom) and 1% ZellShield® (Biochrom) at 37 °C, 5% CO2, and 95% humidity. Before 80% 
confluency was reached, cells were washed Dulbecco’s Phosphate Buffered Saline (DPBS, 
Biochrom) and detached with Trypsin/EDTA 0,05%/0,02% (w/v) in PBS w/o Ca2+to detach cells 
(Biochrom). Cells were collected by centrifugation at 300 × g and cultured in 175 cm² cell culture 
flasks (Greiner Bio-One GmbH).  
2.2 INDUCIBLE HAS2-KNOCKOUT MICE 
Investigation of stromal HA’s role during in vivo tumor development requires not only a 
suitable tumor model but also an HA-knockout or -knockdown of the TME/mouse tissue. In the 
skin, fibroblasts are the main producers of HA, and Has2 is the responsible isoenzyme. But 
permanent knockout of Has2 in fibroblasts resulted in the death of mice embryos on day 9 (E9) 
due to the failure of heart development (Camenisch et al., 2000). Therefore, an inducible Has2-
knockout was established with the Cre/loxP system for this work. Induced knockout of Has2 in 
adult mice was not lethal. 
2.2.1 The Cre/loxP System 
The Cre recombinase was modified to be expressed linked with a mutated estrogen receptor 
(CreERT2) sensitive for 4-hydroxytamoxifen (4OHT), an estrogen antagonist. The inactive fusion-
protein is expressed into the cytoplasm and transported into the nucleus upon 4OHT binding. 
There, the Cre recombinase excises DNA by annealing to flanking loxP sites (hence the term floxed) 
creating a loop. The loop will be excised with one loxP site remaining in the genome (Figure 7). 
The estrogen part of the fusion protein was modified that transportation into the nucleus only 
starts upon binding of 4OHT which can either be directly introduced by injection in vivo or by 
addition to the cell culture medium. In vivo, precursor tamoxifen can also be injected which is then 
metabolized in the liver to active 4OHT. The promoter in front of CreERT2 can be chosen to be cell-
specific. At the beginning of this study, the promoter for collagen type Iα (Col1a1) was used to 
render the knockout fibroblast specific. But due to inconsistent knockout induction, the promoter 
was switched to the ubiquitin C promoter (UbC), ubiquitously expressed in all cells. The results 




Figure 7: Schematic view of loxP sites and Cre recombinase used to delete Has2-exon2 
Cre recombinases form a DNA-loop with two loxP sites. The resulting DNA-loop is excised (deleted) from the original strand 
upon homologous recombination. One loxP site remains at the excision site. The genes between loxP sites are addressed as 
“floxed” (flanked-by-loxP-sites) genes. Here specifically the exon2 of Has2 was targeted for deletion. 
 
2.2.2 Genetical modification for the Has2-knockout 
All animal experiments were performed following institutional and state guidelines and 
approved by the Committee on Animal Welfare of Saxony (TVV 57/14, TVV 26/16). Has2-exon2-
floxed, C57BL/6N-embryonic-cell-line JM8A3.N1 was purchased from KOMP Repository, 
University of California Davis and Children’s Hospital Oakland, Research Institute. Chimeric 
C57BL/6 mice were generated by Konstantinos Anastassiadis (Anastassiadis Lab: Genetic 
Engineering of Stem Cells, Biotechnology Center, Technische Universität Dresden) and crossed 
with Flp-deleter C57BL/6 mice to generate offspring with deleted neomycin resistance and 
deleted lacZ reporter gene but carrying heterozygous floxed Has2-exon2. Backcrossed 
homozygous mice carrying the Has2-exon2-floxed alleles develop and reproduce without an 
obvious phenotype. Has2-exon2-floxed mice (Has2flox/flox) were backcrossed with ubiquitous Cre-
deleter C57BL/6 mice (The Jackson Laboratory) to generate Has2flox/flox-(CreERT2)+/-, ready to 
induce Has2-exon2 deletion upon tamoxifen application (mice and fibroblasts were named 
“Has2-ko” after tamoxifen induction). Control mice had only the floxed Has2-exon2 locus 
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(Has2flox/flox) and were not able to express Cre (mice and fibroblasts were named “Ctrl” after 
tamoxifen induction, Figure 8). 
 
 
Figure 8: 4-hydroxytamoxifen (4OHT) induction leads to nucleus translocation of CreERT2 
A schematic view of the intracellular process upon exposure to 4OHT. The Cre-recombinase is linked to the mutated estrogen 
receptor (CreERT2). Upon binding of 4OHT to the ERT2, the Cre-recombinase was transported into the nucleus, where it can 
lead to homologous recombination and thus deletion of floxed genes. 
 
2.2.3 4-Hydroxytamoxifen induction of knockout 
Female and male Has2flox/flox-(CreERT2)+/- and Has2flox/flox littermates at the age of 
8-12 weeks were intraperitoneally injected with 1 mg 4-hydroxytamoxifen (4OHT, Sigma-
Aldrich) dissolved in 100 µL of 10% absolute ethanol (VWR) in sunflower seed oil from Helianthus 
annuus (Sigma-Aldrich) per day for 12 days. For the preparation of the injection solution, the oil 
and pipette tips were pre-heated to 60 °C in the oven. The 4OHT was then mixed with absolute 
ethanol at room temperature and rapidly heated while slowly shaking at 600 rpm to 60 °C in the 
Thermomixer 5436 (Eppendorf). At that point, 4OHT was completely solved. The ethanol solution 
was then transferred with the warm pipette tips into the warm oil and thoroughly inverted for a 
homogenous mixture. Until injection, the oil/ethanol solution was split into 1 mL portions and 




2.2.4 Experimental tumor model in mouse 
2.2.4.1 Tumor cell injection 
At the end of 4OHT treatment, the mice recovered for at least 5 days before B16F10 or B78D14 
cells were injected intradermally (ID) into the shaved lower back. The orthotopic inoculation of 
tumor cells was chosen because of a closer resemblance to the physiological growth of a MM 
compared to subcutaneous (SC) injection.  
Experience from previous work was available (Schubert et al., 2013), where 1.5×106 B16F10 
cells were SC injected. Primary tumor growth was observed within 10 days and sentinel lymph 
node (inguinal) metastases were found after 17 days. B16F10 is known to be extremely aggressive 
with rather quick metastasis formation. In contrast, the slow-growing, less invasive B16F1 was 
often used for comparison. Here, B78D14 fulfilled this role with similar properties. Remarkably, 
B78D14 had lost its melanin production capability over time (Becker et al., 1996). 
In this work, 1.0×106 cells were injected ID within 50 µL DPBS per mouse, in contrast to 
1.5×106 cells in 100 µL, which was already established for SC injections. The reasons were that, 
first, I often experienced overflow during ID injection of 100 µL which led to exclusion of the 
mouse from the experiment. Second, 1.5×106 cells used to clog up the needle during injection and 
the resuspension was harder to keep homogeneous during a session. Also, preparing 1.5×106 cells 
within a 50 µL was more elaborate to reproduce. Hence, I reduced the cell number and volume for 
ID injections. 
2.2.4.2 Tumor experiment endpoint and sample preparation 
The B16F10 or B78D14 primary tumors grew for 9 or 16 days respectively until the stipulated 
endpoint for tumor length at 10 mm was reached. The tumors were measured by two independent 
experimenters with a digital caliper from a top-down view. Tumor length was determined as the 
longest distance in the XY-plane. Tumor width was measured as the longest distance orthogonal 
to the length-axis. Additionally, tumor height was measured from the side view as the longest 
distance orthogonal to the skin. The latter measurements were more prone to errors since the 
caliper could not be directly applied. Ultimately, values generated by length × width × height also 
correlated to the proposed estimation by Equation 1 (Faustino-Rocha et al., 2013; Kersemans et 
al., 2013), which was then used throughout this work. 
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Equation 1: Tumor volume calculation 
Tumor height could not be measured by fitting the caliper at both ends and estimations were not trustworthy for calculation 
with V = L × W × H. Following Fautino-Rocha et al. and Kerseman et al. (Faustino-Rocha et al., 2013; Kersemans et al., 2013), 
subcutaneous/intradermal-tumor volume were best estimated by their length and width, where length is the longer distance 
than width. 
After sacrifice, the final tumor volume was determined again. To gain access to the inner 
organs, the ventral skin was cut caudal to rostral. At the height of the hind legs and just before the 
throat, cuts towards the front and hind legs were made for tension relief as the lateral skin parts 
were opened to the sides and pinned down. From the inside part of the skin, both inguinal lymph 
nodes, left and right, were carefully excised with a tweezer without taking surrounding fat tissue 
and snap-frozen in liquid nitrogen for RNA analysis. For samples of lung and heart, the 
intraperitoneal membrane was also opened longitudinally. The diaphragm was horizontally cut 
in the middle between the sternum and spine. At the same height, all rips were horizontally cut 
left and right so that the thorax can be opened like a lid. First, the heart was excised as one and 
bisected for RNA and histological analysis. Then, the lung was taken as one before separating the 
lobes for HA-concentration determination, RNA expression analysis, and histological analysis. 
From the abdomen, kidney, liver, spleen, gallbladder, colon, and small intestine were taken and 
snap-frozen in liquid nitrogen or in freezing medium. Meanwhile, the head was decapitated, and 
the head’s skin was cut dorsal from caudal to rostral. The skull was revealed by pulling the 
bisected head’s skin to the side. The skull was carefully opened caudal to rostral with an iris 
scissor entering from the base of the removed spine. Both skull halves were carefully broken to 
the side, without damaging the brain beneath. While holding the opened skull inverted, ventral 
brain connections to the head were separated with a fine tweezer, so that the brain could drop out 
of the skull into a DPBS-filled petri dish. The brain was then split longitudinally and snap-frozen 
in liquid nitrogen or a freezing medium. 
Next, the ventral skin was cut longitudinal to remove the whole torso skin from neck to hip, 
including the tumor within the dorsal skin (Figure 9). The whole skin was spread on a clean 
surface to separate the lower tumor part from the healthy upper back part. Full-thickness skin 
from the healthy part of the back was taken with a 6-mm puncture and weighted for HA-
concentration determination. Also, samples were taken for DNA analysis, RNA expression 
analysis, protein expression analysis, and histological staining. Tumor-proximal skin was taken 
with a 6-mm puncture directly at the tumor border and half of the puncture, the half which was 
closer to the tumor, was weighted and kept for analysis analogously to the healthy skin samples. 
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The tumor itself was stripped from the remaining skin. In the case of B16F10 tumors, a minimal 
area of attached skin was left intact to avoid damaging the encapsulated, viscous tumor mass. The 
whole tumor was either snap-frozen in liquid nitrogen for RNA analysis or frozen in tissue 
freezing medium for histological analysis. In the case of B78D14 tumors, the tumor could be 
scraped from the skin using a scalpel like a shaver knife. The tumor mass was bisected and a half 
snap-frozen in liquid nitrogen and the other in tissue freezing medium. 
 
Figure 9: Dorsal skin for sample preparation 
The dorsal skin was removed from the body and prepared on a dissection table. Using a 6-mm (diameter) puncture, samples 
from the anterior dorsal part were taken for further analysis of healthy skin. The tumor was located on the posterior dorsal 
part and was taken for full RNA preparation (B16F10 tumors) or one half for RNA and the other half for histological 
preparation (B78D14 tumors). Tumor-proximal skin samples were taken with the 6-mm puncture right next to the tumor 
border. Depending on the tumor size, more or fewer punctures could be taken. 
 
2.2.4.3 Tumor sample preparation for intestinal fluid  
Tumor intestinal fluid (TIF) was collected from whole B16F10 excised tumors with the 
consequence that no other sample preparation was possible. The protocol was kindly provided by 
Dr. Schmauß (Schmaus et al., 2014). Briefly, excised tumors were snap-frozen in liquid nitrogen 
and kept at -80 °C until TIF preparation. The tumor was then cut into small pieces of 2 mm2 and 
then centrifuged on a 40 µm nylon cell strainer (Pluriselect) at 4 °C, 400 × g, 20 minutes for three 
times (stir in between). The HA-concentration of the TIF was measured analogous to the skin 
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lysates but without any further lysis steps. The remaining TIF was then filtered through a 10 kDa 
cutoff molecular sieve (Vivaspin 500, GE Healthcare) by centrifugation at 4 °C and 8,000 × g for 
1.5 hours to collect ≤25-disaccharide-repeats of HA. The HA-concentration of the flow-through 
was measured with a competitive HA-ELISA (Echelon Bioscience). The resulting concentration 
was calculated to represent <10 kDa HA-concentration in the initial TIF after the first 
centrifugation of the tumor sample. For comparison, HA-lysates of the skin were also filtered 
through the molecular sieve to measure <10 kDa HA-concentration of the skin.  
2.2.5 Intravenous tumor injection 
For intravenous administration, tumor cells were inoculated through the tail vein, as a 
common model for investigation of metastasis (Ottewell, Coleman and Holen, 2006). Therefore, 
mice were restrained in a transparent chamber with a hole for the tail. The extruding tail was 
soaked with warm water to increase blood flow and visibility of the tail vein. The B16F10 cell 
suspension was prepared in DPBS at a concentration of 5×106 B16F10 cells per milliliter 
beforehand and kept on ice. For each injection, a syringe with an attached beveled 30G needle was 
filled with 100 µL cell suspension. The needle was inserted in the longitudinal mid of the tail into 
one of the lateral caudal veins. If the needle was not placed in the vein, injection of the suspension 
was not possible with moderate force. Then, the needle was subtracted and placed again further 
rostral of the prior injection. If correctly placed into the vein, the application of the cell suspension 
was possible without using much force. After 9 days of observation, mice were sacrificed, and 
healthy skin was taken for HA measurement and the lung was carefully excised to count 
metastasis on the lung surface. 
2.3 PRIMARY HAS2-KNOCKOUT FIBROBLASTS FOR IN VITRO EXPERIMENTS 
2.3.1 Isolation of primary fibroblast from mouse skin tissue 
Primary fibroblasts were isolated from full-thickness dorsal skin of uninduced Has2flox/flox-
(Cre-ERT2)+/-- and Has2flox/flox-mice. Shaved back skin was disinfected with 70% isopropanol 
(2-propanol, Merck) before an area of approximately the size of a 2€-coin (5.40 cm2) was excised 
from the skin and cut into small pieces. To isolate fibroblasts from the tissue, 26 U of Liberase™ 
DL Research Grade (Sigma-Aldrich) were added to 3 mL serum-free DMEM (Biochrom) and 
incubated over 2 hours at 37 °C while stirring. Afterward, the cell suspension was filtered through 
a 70 µm cell strainer (Greiner Bio-One) and the filtrate centrifuged at 300 × g for 4 minutes at 
room temperature. Collected cells were plated on cell culture Petri dishes and cultivated in DMEM 
(Biochrom) supplemented with 10% fetal calf serum (Biochrom) and 1% ZellShield (Biochrom) 
at 37 °C, 5% CO2, and 95% humidity for 24 hours. Then, cells were rinsed with DPBS (Biochrom) 
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to remove any dead and unattached cells. After another 24 hours of cultivation, cells were used 
for cell experiments up to the 4th passage. 
2.3.2 Induction of Has2-ko fibroblasts 
Isolated fibroblasts from Has2flox/flox-(CreERT2)+/- and Has2flox/flox mice were treated with 2 µM 
4OHT (Sigma-Aldrich) in DMEM (Biochrom) supplemented with 10% fetal calf serum (Biochrom) 
and 1% ZellShield (Biochrom) for 48 hours at 37 °C, 5% CO2 and 95% humidity to induce Cre-
recombinase expression in Has2flox/flox-(Cre-ERT2)+/--fibroblasts for Has2-exon2 deletion (named 
Has2-ko fibroblasts). To verify the knockout, cells were then washed with DPBS (Biochrom) and 
further cultured without 4OHT for 48 hours. The supernatant was collected and its HA-
concentration was determined by HA-ELISA. Gene expression of Has2-exon2 in the fibroblasts 
was quantified using RT-qPCR and size verification of Has2-exon2 gene locus was performed with 
conventional PCR and visualized with agarose-gel-electrophoresis. 
2.4 MOLECULAR ANALYSIS 
2.4.1 PCR analysis of genome DNA 
DNA from skin, other organs, or directly from cell culture was isolated by isopropanol 
precipitation. First, a small sample (e.g. tail tip for genotyping) was lysed in 500 µL TBS-buffer 
with proteinase shaking at 1,200 rpm at 55 °C for 1-2 hours (Thermomixer, Eppendorf). 
Afterward, 200 µL TS-buffer was added and the solution was kept on ice for at least 15 minutes 
or overnight. The white precipitate, not containing the DNA, was removed by centrifugation 
(Centrifuge R5417R with rotor FA45-30-11, Eppendorf) at 20,817 × g, 4 °C for 15 minutes. The 
remaining suspension was mixed with 750 µL cold isopropanol and vigorously shaken before 
keeping it on ice for at least 15 minutes and up to overnight. Another centrifugation collected the 
DNA in the clear precipitate. The remaining suspension was poured off, and the precipitate air-
dried in the opened container overnight. Then, 100 µL nuclease-free water was added to solve the  
DNA. The DNA concentration was measured with a Nanodrop-1000 (NanoDrop Technologies) and 
100 ng were used for a PCR with respective primers (Table 12).  
For the PCRs, the DreamTaq Green DNA Polymerase kit (Thermo Fisher Scientific) was used. 
The volume for each component was scaled down to 20 µL reaction volume from the product 
manual (50 µL). Primer solutions (ordered from Metabion) had a concentration of 20 µM 
concentration and were used at a final concentration of 0.25 µM. In addition to the genomic DNA 
samples, a template-negative control with nuclease-free water instead of DNA was used for each 
PCR run. The detailed content of a PCR reaction in the thermocycler (Biometra) is provided in 
Table 1 cycling programs are shown in Table 2. 
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Table 1: Adjusted DreamTaq PCR setup for one sample 
*10× DreamTaq Green Buffer contains 20 mM MgCl2. 
Component Volume for one sample Final concentration 
10× DreamTaq Green Buffer* 2 µL 1× 
dNTP Mix 0.5 µL 0.2 mM of each 
Forward primer 0.25 µL 0.25 µM 
Reverse primer 0.25 µL 0.25 µM 
Template DNA 2 µL 5 ng/µL 
DreamTaq DNA Polymerase 0.1 µL 0.25 U/µL 
Water, nuclease-free to 20 µL  
Total volume 20 µL  
 
Afterward, the PCR products were run through a 2% TBS-buffered agarose (Serva 
Electrophoresis) gel at 90 V for 45 minutes. DNA intercalating GelRed® Nucleic Acid Gel Stain was 
added (BIOTREND Chemikalien) during polymerization of the agarose for UV-light detection 
(Intas) of the PCR products. The PCR-product sizes were determined in comparison to the 
GeneRuler™ 1kbp DNA Ladder (Thermo Fisher Scientific).  
Table 2: PCR cycling programs with DreamTaq polymerase 
* steps 1 to 3 were repeated 34 times.  Ta – annealing temperature. 







































For genotyping mice before 4OHT treatment, tail snips were analyzed with primers for the Cre 
gene (Table 12: CreF-CreR). Only Has2flox/flox-(Cre-ERT2)+/- mice show a gene product at 345 bp and 
Has2fl/fl mice do not result in a PCR product. Since the Cre-ERT2 gene with its UbC-promoter in front 
was randomly introduced into the ubiquitous Cre-deleter C57BL/6 mouse (Jackson Laboratory, 
Bar Harbor, Maine, USA), it was unclear whether an underlying gene was disrupted in this process. 
Therefore, the Cre-ERT2 and its promoter were only introduced heterozygous. To avoid creating a 
homozygous Cre-ERT2 due to inbreeding of the Has2flox/flox-(CreERT2)+/- mouse line, strictly Has2fl/fl 
females carrying the heterozygous Cre-ERT2 locus were mated only with Has2fl/fl males without the 
Cre-ERT2 locus. As long as the first offspring of each pair was not completely Cre-ERT2-positive or -
negative, heterogeneity was confirmed. The Has2fl/fl locus was inherited homozygous due to 
inbreeding. Nevertheless, the first offspring of each new mouse pair was tested for correct 
homozygosity by PCR with primers designed to confirm the presence of the floxed Has2-exon2 
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(Table 12: FloxF-FloxR). The floxed Has2 alleles produced a PCR product length of 370 bp while 
wildtype alleles resulted only in 246 bp. For homozygous floxed Has2 only a signal at 370 bp was 
required. 
To confirm the deletion in 4OHT-treated mice or fibroblasts, primers flanking the critical 
region were used (Table 12: FloxF-LoxP3R). The predicted PCR product length was calculated to 
be at 257 bp (Has2-ko) and un-deleted products were expected at 2440 bp (Ctrl). The elongation 
time of the PCR was extended to 2 minutes and 10 seconds to match the longer product size. 
2.4.2 Quantification of gene expression 
Skin samples were taken with a 6-mm puncher. Samples from tumors or other tissues were 
cut with a scalpel. Sample weights were recorded on an analytical scale (Sartorius AG) and did not 
exceed 25 mg. They were snap-frozen with liquid nitrogen in a 2.0-mL tube after weighing and 
kept at -80 °C until RNA extraction. Cell culture samples were washed twice with DPBS 
(Biochrom) before adherent cells were directly lysed in the flask and processed immediately. 
2.4.2.1 RNA lysate 
The RNA was extracted using the column extraction kit ReliaPrep™ RNA Miniprep System 
(Promega). Sample tubes were thawed on ice and each added with 500 µL lysis buffer from the kit 
together with two 5-mm-diameter stainless-steel beads (Qiagen). Vigorous shaking with the 
TissueLyser LT (Qiagen) at 1/50 s, 4 °C for 5 minutes led to mechanical disruption of the tissue. 
Centrifugation at 20,817 × g and 4 °C for 10 minutes separated tissue debris and stainless-steel 
beads from the RNA-containing-lysis buffer. The latter was carefully transferred to a fresh 1.5-mL 
tube using a 200-µL pipette tip. The further process was conducted following the kit’s standard 
protocol for fibrous tissue. The spin columns with the collected RNA were eluted with 20-30 µL 
nuclease-free water, and the eluate was taken again for a second elution of the spin column to 
maximize RNA yield. The RNA-solution was kept on ice. 
2.4.2.2 Reverse transcription to cDNA 
The concentration of the RNA solution was measured by the NanoDrop-1000 
Spectrophotometer (NanoDrop Technologies, Wilmington, USA). An absolute amount of 500 ng 
RNA was subjected to reverse transcription to complementary DNA (cDNA) with the qScript® 
cDNA SuperMix (Quantabio, Beverly, MA, USA) which contained the reverse-transcriptase, 
oligo(dT) primers, nucleotides, and necessary salts among others. The reaction volume and 
concentration were adjusted to 10 µL, half the proposed amount by the manufacturer. Following 
the manufacturer's manual, the tubes were incubated in the TProfessional Basic PCR 
Thermocycler (Biometra) in the following steps: 25 °C for 5 minutes, 42 °C for 30 minutes, and 
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85 °C for 5 minutes. Finally, the finished reactions were kept at 4 °C until taken and diluted by the 
addition of 40 µL nuclease-free water (1:5 dilution) before storage ant -80 °C. 
2.4.2.3 Determination of specific annealing temperatures 
Gene-specific primer pairs (Table 13) for the genes of interest were designed by spanning two 
exons to increase the specificity of the qPCR products. Also, the annealing temperature (Ta) was 
designed to be at 62 °C (ordered from Metabion GmbH, Martinsried, Germany), but required to be 
exactly defined individually. Therefore, the optimal Ta with the respective primer pair was 
determined by a temperature gradient PCR setup. The DreamTaq™ (Thermo Fisher Scientific) mix 
was used for PCR amplification (Table 1) at different Ta in the Mastercycler® Gradient 
(Eppendorf). The Ta was set in a range from 55 to 66 °C in 12 slots. The cycling conditions were 
set up for conventional PCR (Table 2). The PCR products were visualized through agarose gel 
electrophoresis containing DNA-intercalating GelRed® (BIOTREND Chemikalien) and with the 
GeneRuler ™ 1 kbp DNA Ladder (Thermo Fisher Scientific). On the UV-light table, the slot 
containing PCR with the predicted size at the highest Ta from the gradient PCR setup was chosen 
to be the annealing temperature for this specific gene of interest (Table 13: Step 2 Ta).  
2.4.2.4 Quantitative PCR 
For the qPCR of the cDNA, the GoTaq® qPCR Master Mix (Promega) was used. The qPCR 
reaction was performed according to the manual in the Rotor-Gene 3000 Cycler (Corbett 
Research) with fluorescence excitation at 493 nm and readout (emission) at 530 nm wavelength 
(equivalent to SYBR® Green I assay). A dilution series of a standard-plasmid (see next chapter 
2.4.2.5) for the gene of interest was added to each run for quantification. The software Rotor-Gene 
6 (Qiagen) recorded the raw values and calculated the standard-calibration curve. 
The 20 µL qPCR reaction setup contained 2 µL (~20 ng) of the diluted cDNA solution together 
with 10 μL, 0.125 µL forward and reverse primer each (0.125 µM), and nuclease-free water filled 
up to 20 µL. In addition to samples (duplicates), a negative-template control (duplicate) with 
nuclease-free water instead of cDNA, and the standard dilution series (duplicates) was prepared 
for each qPCR run. The running conditions can also be reviewed in Table 13. Denaturation of DNA 
was conducted at 95 °C, annealing at the respective Ta, elongation was usually set at 72 °C from 
lab-experience to reduce unspecific PCR products. Whenever insufficient amplification rates 
occurred, the elongation temperature was adjusted to a minimum of 60 °C (GoTaq® 
recommended elongation temperature) for better results. At the end of each elongation step, a 
measurement of the fluorophore was set (M1) as a precaution. The actual measurement 
temperature (M2), which was also used for quantification was added as Step 4. The M2 
temperature was determined according to the melt curve, which was performed after each qPCR 
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run. Therefore, after the last (40th cycle), the reactions were cooled to 60 °C and then slowly 
heated (1 °C per minute) to 95 °C. Meanwhile, the fluorescence was constantly recorded to 
generate a fluorescence-level by temperature diagram, the melt curve. The hotter the solution the 
more PCR products denatured. From the fluorescence readout (100% set at 60 °C) the number of 
denatured PCR products could be traced (fluorescence dropping). While unspecific PCR products 
denatured first (at lower temperatures), the specific PCR product denatured at last and with the 
highest drop in fluorescence level. The M2 measurement temperature was defined to be just 
before the specific PCR products started to denature. For a more apprehensive visualization of the 
melt curve, the derivative of fluorescence-level over temperature was plotted with a reversal of 
the sign. 
Table 3: GoTaq® qPCR setup for one sample 
Component Volume for one sample Final concentration 
2× GoTaq® qPCR Master Mix 10 µL 1× 
Forward primer 0.125 µL 0.125 µM 
Reverse primer 0.125 µL 0.125 µM 
Template cDNA 2 µL ~1 ng/µL 
Water, nuclease-free to 20 µL  
Total volume 20 µL  
 
In the case of the primers for the transfected Gfp gene in MM cells, a touchdown PCR was 
performed to reduce the number of unspecific PCR products. For the first 5 cycles, Ta was set to 
be 70 °C. Then, for the next 5 cycles, Ta was set to be 68 ° and for the remaining 30 cycles, Ta was 
set to 66 °C. 
For each sample in the qPCR, a run with primers for the housekeeping gene Rpl-p0 was 
performed. By quantification with the given standard, the copy numbers of the gene of interest 
were divided by the copy number of the respective Rpl-p0 gene and multiplied by one million for 
easier comprehension. If presenting one single qPCR run, the value was given with the unit parts 
per million (ppm) throughout this work. Whenever several qPCR runs were combined and 
compared in one graph (e.g. to compare Has2-mRNA expression of all mice with each other), each 
run was normalized to the respective mean ppm value of the control group (Ctrl or High-HA) 
before the data was pooled. The resulting arbitrary unit was given in the graphs as [a.u.]. This was 
done to compensate for technical variations between qPCR runs. 
2.4.2.5 Generation of standard plasmid for qPCR 
To quantify and compare the amount of cDNA, and hence RNA, between samples, a standard 
plasmid was created for each gene of interest. Each plasmid incorporated a copy of the targeted 
PCR product. The PCR product was purified from the agarose gel of the gradient PCR (see 
chapter 2.4.2.3), which was run during qPCR-establishment of each gene of interest. Under the 
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UV-light table, the DNA bands were visible due to the addition of GelRed® Nucleic Acid Gel Stain 
(BIOTREND Chemikalien). After base-pair size verification, the correct band was cut and the DNA 
purified with the Zymoclean™ Gel DNA Recovery Kit (ZymoResearch) according to the 
manufacturer's protocol. Ligation of the purified PCR product with the plasmid pJet1.2-Vector was 
conducted with the CloneJet™ PCR Cloning Kit (Thermo Fisher Scientific) according to the 
manufacturer's protocol. The pJet1.2-Vector is also coded for a β-lactamase, which provides β-
lactam resistance for pJet1.2-Vector-transfected bacteria. NEB® 5-alpha Competent Escherichia 
coli (E. coli, New England Biolabs) were thawed on ice and incubated with 5 µL of the ligated 
plasmid. After careful mixing and 5 minutes of incubation on ice, 50 µL aliquots were plated on 
prewarmed lysogeny broth (LB, Carl Roth) agar plates containing the antibiotic carbenicillin 
(100 µg/mL, AppliCHem) and incubated at 37 °C overnight. Single colonies from the plates were 
then picked and transferred to vials containing liquid LB medium and carbenicillin (100 µg/mL). 
The suspension was cultivated on a shaker set to 200 rpm at 37 °C for 24 hours. To isolate the 
plasmid DNA, the EasyPrep® Pro Kit (Biozym Scientific) was used according to the 
manufacturer's protocol. The plasmid DNA was eluted in 50 µL water (Aqua Braun, B. Braun). The 
concentration of the gene of interest in this solution was derived from the DNA concentration 
measured by the Nanodrop-1000 (NanoDrop Technologies). The correct product was additionally 
verified through sequencing by the DNA-Technology Core Unit of the University of Leipzig. With 
a logarithmic dilution series, the standard for the qPCR was prepared, where the copy number of 
the PCR product was known. A calibration curve with copy number over fluorescence intensity 
could be blotted to determine sample concentrations.  
2.4.3 Microarray analysis 
Samples for the microarray analysis were chosen according to the skin HA-concentration. 
Mice with the highest and lowest HA-concentrations were selected. Two groups each with 5 mice 
were formed. The samples came from two independent experiments, but the mice were identically 
treated. But one experiment had mixed gender instead of pure male.  
RNA from flash-frozen skin was lysed with ReliaPrep™ RNA Miniprep System (Promega) and 
further analysis was conducted by the Core Unit DNA-Technologies of the University of Leipzig. 
There, the quality of the RNA sample was assessed before reverse transcription to cDNA and 
coupling with fluorophores. Finally, the cDNA was hybridized in the Clariom S™ mouse (Thermo 
Fisher Scientific) microarray chip and analyzed by an Affymetrix Microarray Platform. 
The results were sent back as raw data and analyzed by me with the Transcriptome Analysis 
Console (TAC) Software (Thermo Fisher Scientific). Differentially regulated genes between the 
control and test group were selected by having at least a 2-fold difference in expression with a 
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significance level of p<0.05. A gene set analysis was performed by the Interdisciplinary Center for 
Bioinformatics at the University of Leipzig with their in-house-developed oposSOM software 
(Löffler-Wirth, Kalcher and Binder, 2015). 
2.4.4 Quantification of Has2 protein levels 
2.4.4.1 Protein lysate 
A 6-mm punch of full-thickness skin was diced with a scalpel and placed in a 2-mL capped 
tube. Two 5-mm-diameter stainless-steel beads (Qiagen) were placed into the tube beforehand so 
that the sample would sit on top of the beads. Then, 50 µL Tris/HCl was added and kept on ice. 
The TissueLyser LT (Qiagen) was set up in a cold room at 4 °C before sample tubes were inserted. 
Vigorously shaking at 1/50 rpm for 5 minutes led to mechanical disruption of the tissue. The 
suspension was centrifuged at 20,817 × g and 4 °C for 10 minutes to separated tissue debris and 
stainless-steel beads from the protein solution. 
2.4.4.2 SDS Page 
For the separation of the proteins solution by molecular weight, a sodium-dodecyl sulfate 
(SDS) polyacrylamide gel electrophoresis (PAGE) was performed.  
The lysed sample solution was mixed with 3 × concentrated CST loading buffer (1:3 dilution) 
containing DTT as the detergent (both Cell Signaling Technology). The mixture was boiled at 95 °C 
for 10 minutes. Meanwhile, a precast BioRad polyacrylamide gradient gel (4 to 20% density, 
BioRad Laboratories) was placed in the corresponding horizontal electrophoresis chamber. The 
buffer chambers were each filled with 90 mL cathode buffer (see Table 9). Without taking out the 
sample-pocket comb, the gel was pre-run at 160 V for 12 minutes. Then, the comb was removed 
and the empty pockets filled with 6 mL cathode buffer. Afterward, the dense protein solution was 
carefully filled into the bottom of the pockets. In addition to the samples, 1 µL of the protein 
standard PageRuler™ Prestained Protein Ladder (Thermo Fisher Scientific) was filled in an extra 
chamber. Pockets without samples were filled with 1 × loading buffer to avoid an uneven electric 
field. The proteins were separated according to their molecular weight by running 160 V for 
1.5 to 2 hours. 
2.4.4.3 Western blot 
After the PAGE, the gel was transferred to 1 × blotting buffer (see Table 9). The protein bands 
were transferred onto a nitrocellulose membrane by the wet blot technique. Therefore, the 
0.2-μm-nitrocellulose membrane (GE Healthcare), two filter papers, and two sponges were also 
incubated in a 1× blotting buffer. In a blotting cassette, the gel was pressed against the 
nitrocellulose membrane as following. From the bottom up (anode), a sponge, a filter paper, the 
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gel, the nitrocellulose membrane, a filter, and a sponge (cathode) were stacked. The order of the 
protein bands was matched to be identical to the gel layout and the membrane cut at one edge to 
mark the orientation. The blotting tank was filled with 1 × blotting buffer and placed in an ice 
bucket. The proteins were transferred by running 175 mA current through the setup for 2 hours. 
Subsequently, unspecific binding sites on the nitrocellulose membrane were blocked with the 
Odyssey® (PBS) blocking buffer (Li-COR) at RT for 30 minutes. For specific detection of Has2 or 
housekeeping protein Rpl-p0, the primary antibodies (see Table 14) were incubated in Odyssey® 
(PBS) blocking buffer at 4 °C overnight. On the next day, three 5 minutes wash steps with PBS 
followed to remove unbound primary antibodies. The secondary antibodies, which were coupled 
with the fluorophore, were incubated with the membrane in Odyssey® (PBS) blocking buffer at 
RT for 1 hour. Three wash steps followed before the detection of the fluorophores by the Odyssey 
Fc Imager (Li-COR Inc.). Quantification was conducted by the Image Studio software (Li-COR) and 
relative Has2-protein compared to housekeeping protein Rpl-p0 expression of each sample was 
calculated. Within one experiment all relative expression values were normalized to the mean 
value of the control samples. 
2.4.5 Quantification of HA 
The 6-mm shaved skin punches or lung samples were weighted (wet-weight) and lysed with 
20 U/mL Protease from Streptomyces griseus (Sigma-Aldrich) and 5 mM deferoxamine mesylate 
salt (Sigma-Aldrich) dissolved in 500 µL HA-prep buffer (Table 9). The samples shook overnight 
at 55 °C. Successful lysis was confirmed with free-floating hair roots in the solution. Then, the 
protease was inactivated by heating at 95°C for 10 minutes and the lysate centrifuged at 
20,817 × g at 4 °C for 15 minutes. The solution was transferred in a new container and the HA-
concentration was quantified using commercial HA-ELISA Kits (TECOmedical and R&D Systems).  
2.4.6 HA size analysis by agarose gel electrophoresis 
HA was purified from murine skin samples following the protocol from the Cleveland Clinic 
by Ron Midura (NHLBI award number PO1HL107147). Analogous to DNA, the negative charge of 
HA can be used to pull the long molecules through the porous agarose gel. Smaller HA molecules 
travel faster and further than bigger ones. For the electrophoresis, HA from skin samples needed 
to be purified to prevent clogging of the agarose gel. 
Three 6-mm skin punches (total 37-81 mg) were digested overnight at 55 °C in HA-prep buffer 
with 0.1% SDS, 5 mM deferoxamine mesylate, and 17.5 U/mL Proteinase K (Macherey-Nagel), 
followed by centrifugation at 18,000 × g for 5 minutes. 58 mg dry NaCl was added to each sample 
to increase salt concentration to 2 mol/L. 500 µL chloroform was added, and the samples were 
mixed by shaking. Samples were spun at 18,000 × g for 10 minutes. The upper, aqueous phase was 
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removed (400 µL) and dialyzed to 0.1 mol/L NaCl for 2 hours using MINI Dialysis Units 7000 
MWCO (#69560, Thermo Scientific). Samples were mixed with 1.6 mL ethanol and stored 
overnight at -20 °C. Samples were spun at 18,000 × g for 20 minutes at 4 °C. Pellets were dissolved 
in 100 µL Benzonase buffer plus 50 U of Benzonase® Nuclease (Merck Millipore) followed by 
4 hours incubation at 37 °C. NaCl concentration was increased to 2 mol/L, and samples were 
extracted with 100 µL chloroform. Aqueous (90 µL) and organic phase were separated by 5 
minutes of centrifugation at 18,000 × g, and the aqueous phase was dialyzed against 0.1 mol/L 
NaCl for 2 hours. HA was precipitated with 400 µL of ethanol at -20 °C overnight followed by 30 
minutes of centrifugation at 18,000 × g and 4 °C. 
Crude HA was further purified by anion exchange chromatography. Each HA sample was 
dissolved in 400 µL of 0.1 mol/L NaCl. The entire sample was loaded on a prewashed anion 
exchange mini spin column and spun at 2,000 × g for 5 minutes. The column was washed with 
400 µL of 0,1 mol/L NaCl. The anion exchange column was first eluted with 0.2 mol/L NaCl to 
remove some non-HA contaminants, but no HA, and then eluted with 0.7 mol/L NaCl. Following 
each elution protocol, the HA-containing eluate was dialyzed overnight against water and then 
dried using a centrifugal vacuum concentrator. HA was dissolved in 10 µL of 10 mol/L formamide 
and kept at 4 °C overnight. 
Agarose gel (0.5% w/v) were prepared in Tris-borate-EDTA (TBE) buffer. HA amount equal 
to 37 mg skin depending on the HA-skin-concentration of each individual were diluted in 10 µL of 
10 mol/L formamide and added 2 µL loading buffer (for HA agarose-gel electrophoresis) was 
added to each sample. HA standards (ContriPro and AMS Biotechnology) were prepared in water 
and loaded at 0.2 µg per HA component. Gels were pre-electrophoresed for 20 minutes at 40 V, 
then loaded and electrophoresed at 40 V for 3.5 hours. The gel was stained overnight with 0.005% 
Stains-All (Sigma-Aldrich) in 50% ethanol, then de-stained in 10% ethanol solution. The gel was 
recorded on a light table. 
2.5 PHYSICAL ANALYSIS OF THE SKIN 
2.5.1 Skin elasticity measurement 
Colloidal probe force spectroscopy using a scanning force microscope NanoWizard 3 (JPK 
Instruments) as previously reported (Sapudom et al., 2015, 2019) was used to measure skin 
elasticity. Briefly, a 50 μm glass microbead (Polyscience Europe GmbH, Eppelheim, Germany) was 
attached to a tipless HQ-CSC38 cantilever (NanoAndMore, Wetzlar, Germany) with a spring 
constant of approximately 0.1 N. At least 50 force-distance curves at 3 positions of each sample 
with 3 independent experiments were conducted with an indentation rate of 5 μm/s in DPBS 
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buffer (Biochrom) at room temperature. An effective Young's modulus was determined as an 
elastic modulus of the samples by fitting the retract part of force-distance curves (typical 
indentation depth 5 μm) using the Hertz model. Young’s e-modulus is given as Pascal. Higher 
values indicate more force required (higher stiffness) for the same indentation compared to a 
softer material. To measure Young’s e-modulus of the murine skin, cryo-cross sections at 30 µm 
thickness were produced from the skin and kept at -80 °C until analysis. The slides were thawed 
and measured in DPBS (Biochrom). Three mice per group were each measured with 3 cross-
sections per mouse. Each measurement comprised of a raster of 50 indentation spots. The e-
modulus was calculated from the retraction curve and histograms for pooled Has2-ko and Ctrl 
values were calculated. 
2.5.2 Skin permeability measurement 
 
Figure 10: Schematic view of a Franz diffusion cell 
The skin samples were fixed tightly between the donor and the acceptor chamber. Parafilm® was wrapped around the 
conjunction to prevent leakage. It was also used to cover the donor chamber and the sampling port to prevent evaporation 
of the solutions. 
 
Excised skin from the back of mice was tested in a pair of Franz diffusion cells (SES 
Analysesysteme, Figure 10) on the same day. Always one Has2-ko sample was tested against a Ctrl 
sample. When there were more than two sacrificed mice, skin samples were kept floating 
(epidermis in the air) on DPBS (Biochrom) at 4 °C until the prior test was finished. The skin was 
fixed into a Franz diffusion cell with the epidermis facing the donor chamber filled with 1 mg/mL 
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fluorescein buffer (Sigma-Aldrich) and the dermis the acceptor chamber filled with DPBS 
(Biochrom) and a magnet stirrer. The donor chamber as well as the sample port were sealed with 
parafilm (Pechiney Plastic Packaging). The diffusion of fluorescein through the skin was measured 
after 4 hours of incubation at 37 °C at moderate stir-rotation. The acceptor solution for two 
measurements was taken through the sample port and replaced with DPBS (Biochrom). The 
emission of the acceptor solution was measured by Microplate reader Synergy™ HT (BioTek 
Instruments) at 528/20 nm wavelength by excitation at 485/20 nm. A dilution series of 1 mg/mL 
fluorescein buffer was freshly prepared as standard for each measurement. Two Franz diffusion 
cells were used at a time, always comparing one Ctrl skin to one Has2-ko skin (Figure 11). Though 
using the cells under the same condition every time, absolute diffusion of fluorescein through the 
skin varied from experiment to experiment. The values of Has2-ko skin were compared against 
their respective Ctrl skin from identical body sites to omit variations between experiments. 
 
Figure 11: Paired skin samples checked after Franz diffusion cell experiment  
Skin samples and positions were checked after the experiment. The skin samples should not have moved or been damaged, 
otherwise, donor solution diffused unhindered into the acceptor chamber. 
 
2.5.3 Skin hydration and TEWL measurement 
Trans-epidermal-water loss (TEWL) is a valuable indicator of skin barrier function. TEWL was 
measured with a Tewameter® TM 300 (COURAGE + KHAZAKA electronic, Figure 12), which 
measures the amount of water (in gram) that escapes the skin in a defined area (10 mm2) at a 
given time. The Tewameter® is an open chamber system, which allows measurement without 
obstructing the skin’s microclimate. The back of the mice was shaved 24 hours before the TEWL 
and hydration measurements. Then, the mice were anesthetized and the TWEL was measured 
three times per mouse at the same location. Each measurement took 1 minute in which every 
second the water diffusion was recorded as g/h/m2. The final result for each measurement was 
determined by the MPA Software (COURAGE + KHAZAKA electronic), where the standard 
Methods 
33 
deviation was the lowest. For each mouse, the three measurements were averaged for the actual 
TEWL of the mouse. 
 
Figure 12: Schematic view of the Tewameter™ 6 
Two sensors in an open chamber measure the diffusion rate of evaporated water from the skin. 
 
Skin hydration is also a valuable indicator of healthy skin. It was recorded with the 
Corneometer® CM 825 (COURAGE + KHAZAKA electronic, Figure 13), which relies on a capacitive 
measurement method. The electric field emitted from the probe is disturbed by the water content 
in the outmost layer of the skin (stratum corneum). The smallest changes in the electric field are 
recorded in skin depths of 10-20 µm. The measurement only requires one second. The recorded 
values are given in arbitrary units (AU). For human skin, values for healthy skin hydration lie 
above 40 AU. Dry skin ranges from 30-40 AU and very dry skin below 30 AU. The skin hydration 
was measured on the back of shaved, anesthetized mice right after the TEWL measurement. Five 
consecutive measurements at the same location with 10 seconds pause in between were 
performed and the final value for each mouse was averaged. 
 





Figure 13: Schematic view of the Corneometer™ 7 
Skin hydration is measured by an electrode at the tip of the instrument. Changes in the electric field caused by the amount 
of water in the skin can be recorded. 
 
2.6 HISTOLOGICAL ANALYSIS 
For the histological evaluation of murine tissue samples were either prepared for cryo cross-
sectioning or formalin-fixed-paraffin-embed (FFPE) cross-sectioning. Cryosections were 
preferred for antibody-depended probing of the section, as it does more likely preserve antigen 
structures. FFPE sections were used for HA probing via bHABP (Sigma-Aldrich) or biotinylated 
versican-1 domain (bVG1) (AMS Biotechnology) or histochemical staining. Tissue cross-sections 
were then recorded with the BZ-9000E (Keyence Deutschland) microscope. 
2.6.1 Cryo-fixed samples 
Tissue samples were embedded in tissue freezing medium (Leica Biosystems) so that the 
sample is completely covered with minimal excess of the medium. Embedded, frozen samples 
were stored at -80 °C until cutting the cross-sections. Therefore, they were acclimated in the 
microtome for at least 30 minutes (chamber and sample plate were set to -25 °C) and sections of 
8 µm thickness were cut. Three sections were transferred on to one SuperFrost® Plus D adhesion 
slide (Menzel Glasbearbeitungswerk) and stored at -80 °C until immunofluorescence staining. 
 




2.6.2 Immunofluorescence staining 
The slides were removed from -80 °C and dried at room temperature for 10 minutes. To fix 
the mounted tissue, the slides were then submerged in -20 °C acetone. Especially for HA staining, 
the slides were fixed in Stern’s reagent (Lin et al., 1997) instead of acetone for 10 minutes. This 
was necessary to prevent HA from dissolving. Afterward, the slides were dried at room 
temperature until the residual solvent completely evaporated, tissue cross-sections were 
encircled with a hydrophobic barrier pen (Thermo Fisher Scientific). After the wax dried, the 1% 
BSA in PBS blocking solution was filled into the wax circles and everything was kept in a humid 
chamber for one hour at RT. Afterward, the blocking solution was removed by swift throwing 
movement of the slide before the primary antibody (Table 14) was incubated overnight at 4 °C in 
the humid chamber. On the next day, the slides were washed 3 × 5 minutes with PBS and then 
incubated with the secondary antibody (Table 14) and DAPI (50 µL of 1:500 dilution) in PBS for 
1 hour at RT in the humid chamber. The slides were then washed again 3 times before mounted 
with ProLong™ Gold Antifade Mountant (Thermo Fisher Scientific) and coverslip. The mounting 
medium was dried overnight at 4 °C. Before microscopy, the slides were acclimated at room 
temperature for at least 15 minutes. Fluorescent agitation and filtering were performed within 
the microscope BZ-9000E (Keyence). To reduce false-positive fluorescent signal, a section 
processed without the primary antibody (negative control) was used to lower camera exposure 
time until the image showed no unspecific signal anymore. With this setting, the remaining slides 
were captured. This was repeated for each staining session. The images were processed with BZ-
analyzer II (Keyence) software and Photoshop (Adobe). 
2.6.3 FFPE samples 
Tissue samples were sandwiched in filter paper (GE Healthcare GmbH, Freiburg, Germany) 
and stuck in embedding cassettes (Engelbrecht). Formaldehyde was prepared as a 20% solution 
in PBS and frozen at -20 °C until use. Then, the thawed solution was diluted to 4% formaldehyde 
with fresh PBS for the cassettes to put in. Samples were stored in formaldehyde at least overnight 
at 4 °C before the solution was gradually exchanged for paraffin in the Excelsior™ AS Tissue 
Processor (Thermo Fisher Scientific, Waltham, USA). Then, the sample was manually embedded 
in paraffin with the paraffin embedding system MPS/P1(SLEE medical) and stored at RT until 
cross-sectioning. For cutting with the microtome (MICROM Laborgeräte), samples were 
acclimated at 4 °C and sections with 7 µm thickness were produced. The inter-connected sections 
were spread on a 50 °C water bath (MICROM Laborgeräte) and 3-5 at a time collected on a 
microscope slide (Menzel Glasbearbeitungswerk). They were stored at RT until rehydrated (Table 
4) and staining. 
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Table 4: Rehydration protocol of FFPE samples 
Deparaffinization protocol 




3 x 5 minutes 
RT 









(Not for HA staining) 
10 mM sodium citrate buffer 
3 x 5 minutes 
Steamer 




2.6.4 HA staining 
For visualization of HA, rehydrated skin-cross sections were probed with biotinylated 
versican-1 domain (bVG1,  Echelon Biosciences) followed by a streptavidin-conjugated Alexa 
Fluor 488 (Invitrogen) (Table 5). As HA-negative controls, extra cross-sections were each treated 
with 100 U bovine HYAL-1 (Sigma-Aldrich) dissolved at 2 U/µL in HYAL-1 buffer (pH 6), before 
bVG1 staining. Cross-sections were imaged with the fluorescence microscope BZ-9000E 
(Keyence) at 10×, 20×, or 40× objective magnification. Images were enhanced and analyzed by 
BZ-Analyzer Software (Keyence) and Photoshop (Adobe). 
Table 5: HA-staining protocol of FFPE samples 
HYAL-1 treatment of HA-neg. controls 
100 U (2 U/µL) HYAL-1  
In HYAL-1 buffer 
2 hours 
37 °C 
3 x 5 minutes in PBS 
 
bVG1 staining 
PBS + 1% BSA at RT 
30 minutes 
RT 
50 µL (1.25 ng/µL) bVG-1  
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3 x 5 minutes 
RT 






3 x 5 minutes 
RT 
 dark chamber 
Removed liquid 
Cover with ProLong™ Gold Antifade Mountant  
 
2.6.5 Histochemical images 
The rehydrated sections were stained using hematoxylin and eosin (H&E) or Masson-
trichrome (TC) staining. The rehydrated paraffin samples were H&E or TC dyed as described 
below (Table 6). 
Table 6: Hematoxylin & eosin and Trichrome staining of sections 
H&E TC 
10 min hematoxylin solution 
10 min tap water (blues) 
A few seconds 1% eosin (coloring of the nuclei) 
Rinse with distilled water 
A few seconds 70% ethanol (drainage) 
A few seconds 96% ethanol (drainage) 
10 min 100% ethanol (drainage) 
10 min hematoxylin solution 
10 min tap water (blues) 
10 min fuchsin solution 
Rinse with distilled water 
10 min phosphomolybdic-phosphotungstic acid 
solution 
5 min aniline blue solution  
Rinse with distilled water 
3 min 1% acetic acid solution 
Wash with distilled water 
A few seconds 70% ethanol (drainage) 
A few seconds 96% ethanol (drainage) 
10 min 100% ethanol (drainage) 
A few seconds in o-xylene (drainage) 
 
The slides were then dried, covered by Entellan® (Sigma Aldrich), and images taken in the 
brightfield with the BZ-9000E microscope (Keyence). Images were further processed with the BZ-
Analyzer II (Keyence) software. 
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2.7 PHYSIOLOGICAL ANALYSIS OF MM CELL PROLIFERATION WITH BRDU-ASSAY 
Conditioned media were generated from MM cells and (Has2-ko/Ctrl)-fibroblasts and used on 
uninduced fibroblasts and MM cells, respectively. For easier comprehension of the CM experiment 
results, culture conditions are described in the respective chapter (see 4.2.2). The uninduced 
fibroblasts were analyzed for supernatant-HA-concentration and RNA expression analogous to 
the (Has2-ko/Ctrl)-fibroblast culture described in chapter 2.3.2.  
The proliferation of MM cells was determined by BrdU-ELISA (Roche). The pyrimidine analog 
5'bromo-2'-deoxyuridine (BrdU) is integrated into the DNA of proliferating cells. Integrated BrdU 
can be detected with HRP-conjugated antibodies. By adding a substrate, the amount of newly 
synthesized DNA can be determined using chemiluminescence. Prior to the BrdU-ELISA, MM cells 
were subjected to conditioned media (CM) derived from fibroblast. The MM cells were then 
seeded into wells of a 96-well plate in CM from fibroblasts (5 replicates per condition). After the 
predetermined time in the incubator, the BrdU-labelling solution (final concentration of 10 µM) 
from the kit was added and incubated for 2 hours. The procedure from the manual was followed. 
Briefly, the adherent MM cells were denatured and fixed after the BrdU-labelling time. Then, a 
peroxidase (POD) conjugated anti-BrdU antibody (included in the kit) was incubated and washed 
off. The POD-substrate solution was incubated until color development was sufficient for 
photometric detection. Without a stop solution, the absorbance was repeatedly read by the plate 
reader Synergy™ HT (BioTek Instruments) at 370 nm wavelength throughout 1 hour. The 
absorbance of MM cells cultured in different fibroblast-CM was compared to each other. 
2.8 STATISTICAL ANALYSIS  
To test whether a sample population was significantly different from another, either a more 
powerful t-test (requires Gaussian distribution of the sample population) or a Mann-Whitney 
(unpaired samples)/Wilcoxon (paired samples) test was chosen. To decide whether the t-test was 
applicable for the sample population, the normality test of D’Agostino & Pearson (omnibus K2) 
was applied beforehand. If the sample population was accepted to have a Gaussian distribution, 
the unpaired t-test was chosen. Else, the Mann-Whitney test, which uses ranks instead of 
descriptive parameters (e.g. mean and standard deviation), was preferred. Throughout this work, 
the normality test always failed. Mann-Whitney tests were preferred for unpaired samples. The 
Wilcoxon matched-pairs signed-rank test was chosen for paired samples. 
All calculations were conducted in GraphPad Prism 6 (V6.01, GraphPad Software, Inc.). P-
values below 0.05 were chosen to accept the null-hypothesis. The p-values were indicated as 
following: * = P ≥ 0.05, ** = P ≥ 0.01, *** = P ≥ 0.001. No indications mean that there were no 




3.1 MOUSE LINES 
Table 7: Mouse lines 
Name Description Supplier Stock number 
(CreERT2)+/- 
Tamoxifen-inducible Cre 
recombinase expression is expected 
in all tissue types. 
Promoter: UBC, ubiquitin C (human) 
The Jackson Laboratory, 





Homozygous Has2-floxed mice. 
After tamoxifen induction Ctrl mouse 
Anastassiadis Lab: Genetic 











Homozygous Has2-floxed mice were 
expected to be Has2-deleted by Cre 
recombination. 
After tamoxifen induction Has2-ko 
mouse 
Bred by Animal Facility of 
the University of Leipzig 
- 
 
3.2 CELL LINES 
Table 8: Cell lines 
Name Description Supplier Stock number 
B16F10 
Aggressive variant of B16 murine malignant 
melanoma cell line 
ATCC® CRL-6475™ 
B78D14 
Moderate variant of B16 murine malignant 
melanoma cell line 
Prof. Dr. Dr. 
Jürgen C. Becker 
Becker et al., 1996 
 
3.3 BUFFER AND SOLUTION RECIPES 
Table 9: Buffers and solution recipes 
Buffers and solutions Composition  
General 
Fibroblast and MM cell culture 




150 μg/mL Liberase 
in DMEM 
Stopping the tissue digestion 
10% FCS  
in DMEM 
Phosphate buffered saline 10× (PBS); pH 7.3  
1.37 M NaCl  
27 mM KCl  
80 mM Na2HPO4 × 2H2O  
18 mM KH2PO4  
fully desalinated (VE)-water 
PBS 1×; pH 7.3 
10% (v/v) 10× PBS  
in fully desalinated (VE)-water 
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Buffers and solutions Composition  
LB-Agar  
10 g LB-Agar 
in 250 mL fully desalinated (VE)-water 
Fluorescein buffer 
1 mg/mL fluorescein sodium salt 
in DPBS 
Histology 
Formaldehyde 4%; pH 7.5  
4% Paraformaldehyde (w/v)  
in 1× PBS  
10× Sodium citrate buffer 
1.89 g citric acid 
12.06 g tri-sodium citrate dihydrate 
in 500 mL fully desalinated (VE)-water 
Eosin solution 
1% Eosin (w/v) 




5% glacial acetic acid 
in fully desalinated (VE)-water 
Aniline blue solution 
2.5 g aniline blue  
2 mL acetic acide, glacial  
100 mL distilled water  
Biebrich scarlet-acid fuchsin solution 
90 mL Biebrich scarlet, 1% aqueous  
10 mL acid fuchsin, 1% aqueous  
1 mL acetic acid, glacial  
Phosphomolybdic-phosphotungstic acid solution 
25 mL 5% phosphomolybdic acid 
25 mL 5% phosphotungstic acid 
DNA analysis  
TSB-lysis buffer; pH 8  
2.922 g NaCl in 400 mL fully desalinated (VE)-water 
0.930 g EDTA  
0.788 g Tris-HCl  
50 mL SDS (10%)  
fill up to 500 mL with fully desalinated (VE)-water 
TS-precipitation buffer; pH 8  
123.0 g NaCl in 490 mL VE-water  
23.48 g KCl  
0.788 g Tris-HCl  
Fill up to 500 mL fully desalinated (VE)-water 
50× Tris-Acetate-EDTA-buffer (TAE); pH 8.3  
2 M Tris-HCl  
1 M Acetic acid 
0.1 M Na2EDTA × 2H2O  
in fully desalinated (VE)-water 
 TAE 1× 
2% (v/v) 50 x TAE  
in fully desalinated (VE)-water 
 Tris-borate-EDTA buffer 50× (TBE); pH 8.3 
5 M Tris-borate 
50 mM EDTA 
in fully desalinated (VE)-water 
 TBE 1× 
2% (v/v) 50 x TBE  
in fully desalinated (VE)-water 
RNA preparation 
RLT/ß-ME  
1% (v/v) 2-mercaptoethanol 
in RLT (Kit buffer) 
Western blot  
Radioimmunoprecipitation assay (RIPA) buffer 
10 mM Tris-HCl (pH 8)  
140 mM NaCl  
1% Triton X-100  
0.1% SDS  
1% Na-Deoxycholate  
5 mM EDTA  
in fully desalinated VE-water 
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Buffers and solutions Composition  
Sample buffer 2× 
62.5 mM Tris-HCl (pH 6.8)  
2% SDS (w/v)  
10% Glycerol (v/v)  
0.01% Bromophenol blue (w/v)  
in fully desalinated (VE)-water 
CST loading buffer 
62.5 mM TRIS-HCl (pH 6.8) 
2% (w/v) SDS 
10% glycerol 
50 mM DTT 
0.01% (w/v) bromophenol blue 
in fully desalinated (VE)-water 
Blotting buffer 10× 
0.25 M Tris-HCl  
1.92 M Glycine 
1.5 mM Sodium azide 
Blotting buffer 1× 
10% (v/v) 10× Blotting buffer  
10% (v/v) Methanol  
in fully desalinated (VE)-water 
Cathode buffer 10× 
0.25 M Tris-HCl  
1.92 M Glycine 
1 % SDS (w/v)  
0.15 mM Sodium azide 
in fully desalinated (VE)-water 
Antibody blocking solution 
1% BSA 
in 1× PBS 
Western blot wash buffer 
0.1 % Tween-20 (v/v) 
in 1× PBS 
HA preparation 
HA-prep buffer; pH 8.3 
150 mM Tris 
150 mM NaCl 
10 mM CaCl2 
in fully desalinated (VE)-water 
HYAL-1 buffer; pH 6 
100 mM sodium acetate 
in fully desalinated (VE)-water 
ELISA wash buffer 
1× PBS  
0.05 % Tween-20 (v/v) 
Benzonase buffer 
50 mmol/L Tris (pH 8) 
20 mmol/L NaCl 
in fully desalinated (VE)-water 
HA agarose-gel electrophoresis loading buffer 
0.02% bromophenol blue 
10 mol/L formamide 
in fully desalinated (VE)-water 
Stains-All solution 
0.005% (w/v) Stains-All 
50% (v/v) ethanol 
in fully desalinated (VE)-water 
 
3.4 CHEMICALS 
Table 10: Chemicals and media 
Chemical / media / buffer  Stock number Manufacturer / Supplier 
2-Mercaptoethanol, min. 98% M3148 
Sigma-Aldrich Chemie GmbH, 
München, DE 
Acetic acid 6755 
AppliChem GmbH, 
Darmstadt, DE  
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Chemical / media / buffer  Stock number Manufacturer / Supplier 
Acetic acid glacial 20104.334 
VWR International GmbH, 
Dresden, DE 
Aceton  141007.1211 
AppliChem GmbH, 
Darmstadt, DE 
Agarose LE 840004 
Biozym Scientific GmbH, 
Oldendorf, DE  
Aqua Braun  2351744 
B. Braun Melsungen AG, 
Melsungen, DE  
Bovine serum albumin (BSA)  8076 
PAA Laboratories GmbH, 
Pasching, AT  
Bromophenol blue sodium salt B5525 
Sigma-Aldrich Chemie GmbH, 
München, DE 
Chloroform  A156.2 
Carl Roth GmbH und Co. KG, 
Karlsruhe, DE  
Sodium hyaluronate Laboratory Grade 600-01-[1 to 15] 
ContriPro, Dolní Dobrouč, 
Czech Republic 
Deferoxamine mesylate salt D9533 
Sigma-Aldrich Chemie GmbH, 
München, DE 
Dimethyl sulfoxide (DMSO)  41639 
Sigma-Aldrich Chemie GmbH, 
München, DE 
Dipotassium hydrogen phosphate (K2HPO4)  105101 Merck, Darmstadt, DE  
Disodium ethylenediaminetetraacetate dihydrate 
(Na2EDTA × 2H2O)  
E6511 
Sigma-Aldrich Chemie GmbH, 
München, DE 
Disodium hydrogen phosphate (Na2HPO4)  4984.1 
Carl Roth GmbH und Co. KG, 
Karlsruhe, DE  
Entellan®  107960 Merck, Darmstadt, DE  
Eosin 1B-425 
Waldeck GmbH & Co KG, 
Münster, DE 
Ethanol absolute 8.18760.2500 
VWR International GmbH, 
Dresden, DE 
Fetal calf serum (FCS)  S0415 Biochrom GmbH, Berlin, DE  
Fluorescein sodium salt F6377 
Sigma-Aldrich Chemie GmbH, 
München, DE 
Formaldehyde; 4%  27248 
Otto Fischar GmbH und 
Co.KG, Saarbrücken, DE  
Formaldehyde; min. 35% 1.04001.2500 Merck KGaA, Darmstadt, DE 
Formamide F9037 
Sigma-Aldrich Chemie GmbH, 
München, DE 
Glycerol  0798 
Carl Roth GmbH und Co. KG, 
Karlsruhe, DE  
Glycine 3790 
Carl Roth GmbH und Co. KG, 
Karlsruhe, DE 
Hemalum 0088663 
Dr. K. Hollborn & Söhne, 
Leipzig DE 
Hydrochloric acid (HCl); min. 25%  1.00316 
Sigma-Aldrich Chemie GmbH, 
München, DE 
Isopropanol (2-propanol) 83677.290 
VWR International GmbH, 
Dresden, DE 
Ketamine; 10%  ketamin-10 WDT, Garbsen, DE  
Kodan® Tinktur forte  24648.A 
Schülke & Mayr GmbH, 
Norderstedt, DE  
Lysogeny broth (LB)  X968 
Carl Roth GmbH und Co. KG, 
Karlsruhe, DE  
Magnesium chloride (MgCl2)  208337 
Sigma-Aldrich Chemie GmbH, 
München, DE 
Methanol  8388.5 
Carl Roth GmbH und Co. KG, 
Karlsruhe, DE  
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Chemical / media / buffer  Stock number Manufacturer / Supplier 
Nuclease-free water P1193 Promega GmbH, Walldorf, DE 
Odyssey® (PBS) blocking buffer 927-40100 Li-COR, Inc., Lincoln, USA  
O-Xylene 9713.5 
Carl Roth GmbH und Co. KG, 
Karlsruhe, DE 
Paraffin  327204 
Sigma-Aldrich Chemie GmbH, 
München, DE 
Paraformaldehyde powder 00380 
Polyscience Inc., Warrington, 
USA 
Penicillin/Streptomycin (P/S); 100x  15-140 
PAA Laboratories GmbH, 
Pasching, AT  
Potassium chloride (KCl)  131494.1210 
AppliChem GmbH, 
Darmstadt, DE  
ProLong™ Gold Antifade Mountant P36930 Thermo Fischer Scientific 
Rompun; 2%  n.a. 
Bayer Vital GmbH, 
Leverkusen, DE  
Select-HA™ Ladder HYA-HILAD-20 
AMS Biotechnology (Europe) 
Limited, Abingdon, UK 
Sodium azide K305.4 
Carl Roth GmbH und Co. KG, 
Karlsruhe, DE  
Sodium chloride (NaCl)  S9625 Merck, Darmstadt, DE  
Sodium deoxycholate 3484 
Carl Roth GmbH und Co. KG, 
Karlsruhe, DE  
Sodium dodecyl sulfate (SDS)  3060 
Carl Roth GmbH und Co. KG, 
Karlsruhe, DE  
Sodium hydroxide (NaOH)  K020 
Sigma-Aldrich Chemie GmbH, 
München, DE 
Stains-All E9379 
Sigma-Aldrich Chemie GmbH, 
München, DE 
Sunflower seed oil from Helianthus annuus S5007 
Sigma-Aldrich Chemie GmbH, 
München, DE 
Tissue Freezing Medium®  14020108926 
Leica Microsystems Nussloch 
GmbH, Nussloch, DE  
Tris-HCl 9090 
Carl Roth GmbH und Co. KG, 
Karlsruhe, DE  
Triton® X-100  505002 
FERAK Laboratory GmbH, 
Berlin, DE  
Tween®-20  P1379 
Sigma-Aldrich Chemie GmbH, 
München, DE 
Tris-borate 93290 
Sigma-Aldrich Chemie GmbH, 
München, DE 
Blue loading buffer pack 7722S 
Cell Signaling Technology 
Europe B.V., Frankfurt am 
Main, DE 
Dulbecco’s Modified Eagle Medium (DMEM) w/ 
glutamine, 3.7 g/L NaHCO3, 1.0 g/L D-glucose, 
phenol red 
FG 0415 Biochrom GmbH, Berlin, DE 
Dulbecco’s Phosphate Buffered Saline (DPBS) w/o 
Ca2+, Mg2+; 1x  





3.5 MOLECULAR-BIOLOGICAL REAGENTS AND ENZYMES 
Table 11: Reagents and enzymes 




124653 Merck KGaA, Darmstadt, DE  
4-hydroxytamoxifen (4OHT) H6278 
Sigma-Aldrich Chemie GmbH, 
München, DE 
Benzonase® 70664 Merck KGaA, Darmstadt, DE  
Biotinylated HABP (bHABP) 385911 
Sigma-Aldrich Chemie GmbH, 
München, DE 
Carbenicillin Disodium Salt A1491 AppliChem GmbH, Darmstadt, DE  
cOmplete™ ULTRA Tablets, Mini 
EASYpack protease inhibitor  
05892791001 
Roche Diagnostics GmbH, 
Mannheim, DE  
Deferoxamine mesylate salt D9533 
Sigma-Aldrich Chemie GmbH, 
Munich, DE 
DNase I  D4513 
Sigma-Aldrich Chemie GmbH, 
München, DE 
dNTP Mix; 10 mM  R0191 
Thermo Fischer Scientific GmbH, 
Dreieich, DE 
Dream Taq Green buffer; 10x  B71 
Thermo Fischer Scientific GmbH, 
Dreieich, DE 
Gel Loading Dye Blue; 6x  B7021S 
BioLabs® Inc., Frankfurt am Main, 
DE  
GelRed™ Nucleic Acid Gel Stain  41003 
Biotrend Chemikalien GmbH, Köln, 
DE  
GeneRuler™ 1kbp DNA Ladder  SM0311 
Thermo Fischer Scientific GmbH, 
Dreieich, DE 
DreamTaq DNA Polymerase EP0711 
Thermo Fischer Scientific GmbH, 
Dreieich, DE 
GlycoBlue™ AM9516 
Thermo Fisher Scientific Inc., 
Waltham, USA  
GoTaq® qPCR Master Mix  A6002 Promega GmbH, Mannheim, DE  
Hyaluronidase from bovine 
testes 
H3506 
Sigma-Aldrich Chemie GmbH, 
München, DE 
Liberase DL Research Grade  LIBDL-RO Merck KGaA, Darmstadt, DE 
qScript® cDNA SuperMix 95048-500 Quantabio, Beverly, USA 
PageRuler™ Prestained Protein 
Ladder 10-180 kDa 
26616 
Thermo Fisher Scientific Inc., 
Waltham, USA  
PCR-Primers See 3.6 Metabion GmbH, Martinsried DE  
PMSF; 1 mM  PMSF-RO Merck KGaA, Darmstadt, DE  
Protease from Streptomyces 
griseus 
P5147 
Sigma-Aldrich Chemie GmbH, 
Munich, DE 
Proteinase K  740506 Macherey-Nagel, Düren, DE  
rRNAsin®  N251 Promega GmbH, Mannheim, DE  
eBioscience™ TMB ELISA 
Substrate 
00-4201-56 
Thermo Fischer Scientific GmbH, 
Dreieich, DE 
Trypan blue; 0.4%  T8154 
Sigma-Aldrich Chemie GmbH, 
München, DE 
Trypsin 0.25% (w/v) in PBS w/o 
Ca2+ 
P10-020100 




in PBS; w/o Ca2+ 
L2143 Biochrom GmbH, Berlin, DE  





Table 12: PCR primers annealing to genomic DNA 
Primer Primer sequence (5’ → 3’) 
FloxF (FlpF)  





Figure 14: Primer annealing sites on floxed Has2-exon2 locus 
Sequence and primer visualized by SnapGene Viewer. 
 
Table 13: qPCR primers annealing to complementary DNA and their respective qPCR cycling programs 
Primer sequences are given in the direction 5’ → 3’. Step 1: Denaturation – Step 2: Annealing – Step 3: Elongation with first 
measurement (M1) – Step 4: Second measurement (M2). Temperatures (°) given in degree Celsius and time (") in minutes. 
(*) GFP touchdown qPCR with cycles 1-5: 70°, cycle 6-10: 68°, and cycle 11-40: 66° 
All qPCR-cycling programs started with an initial hot start at 95 °C for 2 minutes to activate the polymerase. Then, steps 1-4 
were repeated 39 times. Then, a final elongation at the temperature of step 3 was set for 5 minutes. Afterward, the melt 
curve was generated by ramping temperature from 60 to 90 °C in 1 °C steps while fluorescence intensity was recorded. 
    Steps 







































































































































































































































































































































Table 14: Antibodies 
Target  Type Host  Clone  Conjugation  Dil.  Manuf.  
Murine Has2 IgG Rabbit polyclonal unconjugated 1:500 
F49282,  
NSJ Bioreagents, 
San Diego, USA 
Murine 
Gapdh 


















Rabbit IgG IgG Goat  n.a. IRDye® 800CW  1:10000  
Li-COR, Inc., 
Lincoln, USA  
Goat IgG IgG Donkey n.a. IRDye® 680LT  1:10000  
Li-COR, Inc., 





Alexa Fluor 488 




3.8  KITS 
Table 15: Kits 
Kit  Stock number Manufacturer  
DNA analysis 
DreamTaq Green DNA 
Polymerase kit 
EP0713 
Thermo Fisher Scientific Inc., 
Waltham, USA 
RNA extraction and gene expression analysis 
Clariom S™ mouse 902931 
Thermo Fisher Scientific Inc., 
Waltham, USA  
GoTaq® qPCR Master Mix A6002 Promega GmbH, Mannheim, DE 
ReliaPrep™ RNA Miniprep 
System 
Z6112 Promega GmbH, Mannheim, DE 
RNeasy®Mini Kit  74106 Qiagen, Hilden, DE  
qScript® cDNA SuperMix 95048 Quantabio, Beverly, USA 
Standard plasmid generation 
CloneJET™PCR Cloning Kit  K1232 
Thermo Fisher Scientific Inc., 
Waltham, USA  
EasyPrep® Pro  390055 
Biozym Scientific, Hessisch 
Oldendorf, DE  
NEB® 5-alpha Competent E. coli 
(High Efficiency) 
C2987 
New England Biolabs Inc., Ipswich, 
Massachusetts, USA 
Z-Competent™ E.coli cells  GZ-4 
VWR International GmbH, Dresden, 
DE 
Zymoclean™Gel DNA Recovery 
Kit  
D4002 ZymoResearch, Irvine USA  
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Protein and HA analysis 
BioRad polyacrylamide gradient 
gel 
45668093 
BioRad Laboratories Inc., Hercules, 
USA 
Competitive HA-ELISA K-1200 
Echelon Bioscience Inc., Salt Lake 
City, Utah, Vereinigte Staaten 
HA-ELISA TE1017-2 TECOmedical Group, Switzerland  
HA-ELISA DY3614-05 R&D Systems, Germany 
Pierce™ BCA Protein Assay Kit  23227 
Thermo Fisher Scientific Inc., 
Waltham, USA  
Cell physiology analysis 
Cell Proliferation ELISA, BrdU 
(colorimetric) 
11647229001 
Roche Diagnostics GmbH, 
Mannheim, DE 
 
3.9 DEVICES AND TOOLS 
Table 16: Devices and tools 
Laboratory device  Manufacturer  
Analytical Scale Sartorius AG, Göttingen, DE  
Autoclaving device Melag oHG Medizintechnik, Berlin, DE  
Camera Canon S120  Canon Deutschland GmbH, Krefeld, DE  
Cantilever HQ-CSC38 NanoAndMore, Wetzlar, Germany 
Centrifuge 5403  Eppendorf AG, Hamburg, DE  
Centrifuge 5417R  Eppendorf AG, Hamburg, DE  
Centrifuge 5424R  Eppendorf AG, Hamburg, DE  
Centrifuge 5810R  Eppendorf AG, Hamburg, DE  
Centrifuge Mikro 200  Andreas Hettich GmbH & Co.KG; Tuttlingen, DE  
Centrifuge Rotanta 460 R  Andreas Hettich GmbH & Co.KG; Tuttlingen, DE  
Centrifuge Rotina 46 RS  Andreas Hettich GmbH & Co.KG; Tuttlingen, DE  
Centrifuge Universal 30 RF  Hettich AG, Bäch, CH  
Centrifuge Universal 320  Andreas Hettich GmbH & Co.KG; Tuttlingen, DE  
CO2 Incubator HERAcell® 240  Heraeus Holding GmbH, Hanau, DE  
Corneometer® CM 825 COURAGE + KHAZAKA electronic GmbH, Köln, Germany 
Flow cytometer Cytomics FC 500 Beckman Coulter GmbH, Krefeld, DE  
Disperser T25 basic IKA®-Werke GmbH & CO. KG, Staufen, DE  
Electrophoresis chamber 
Angewandte Gentechnologische Systeme GmbH, 
Heidelberg, DE  
Electrophoresis Power Supply EPS600 Pharmacia Biotech, Uppsala, SE  
Fluorescence microscope BZ-9000E Keyence, Neu-Isenburg, DE  
Franz Cell Diffusion Chamber SES Analysesysteme GmbH, Bechenheim, DE 
Freezer -20 ° C Liebherr Comfort 
Liebherr Hausgeräte Ochsenhausen GmbH, 
Ochsenhausen, DE  
Freezer -80 ° C HERAfreeze® Heraeus Holding GmbH, Hanau, DE  
Freezer -80 °C MDF-DU700VH-PE VIP ECO Ultra-
Low Temperature Freezer 
PHC Europe B.V, Etten-Leur, NL  
Fume hood prutscher  Intralab GmbH, Stuttgart, DE  
Gel Box Amersham ECL™  GE Healthcare GmbH, Freiburg, DE  
Hand Tally Counter  ENM Company, Chicago, USA  
Histokinette Shandon Excelsior  Thermo Fisher Scientific Inc., Waltham, USA  
Ice machine Ziegra, Isernhagen, DE  
UV light table Intas Gel iX Imager  INTAS Science Imaging GmbH, Göttingen, DE  
Labsolute® Erlmeyerkolben; 25 ml  Th. Geyer GmbH & Co. KG, Renningen, DE  
LED Macro Ring Light LED-60  JJC® Photography Equipment Co., Ltd., Queensland, AU  
Li-COR Odyssey Fc Imager Orbital  Li-COR, Inc., Lincoln, USA  
Light microscope BX41  Olympus Deutschland GmbH, Hamburg, DE  
Light microscope CKX31  Olympus Deutschland GmbH, Hamburg, DE  
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Laboratory device  Manufacturer  
Light microscope CKX41  Olympus Deutschland GmbH, Hamburg, DE  
Light microscope Primo Vert  Carl Zeiss Jena GmbH, Jena, DE  
Magnetic mixer MR 3002  
Heidolph Instruments GmbH und Co. KG, Schwabach, 
DE  
Magnetic mixer Telesystem 15  Thermo Fisher Scientific Inc., Waltham, USA  
Mastercycler® gradient  Eppendorf AG, Hamburg, DE  
Mastercycler® personal  Eppendorf AG, Hamburg, DE  
MICROM water bath  MICROM Laborgeräte GmbH, Walldorf, DE  
Microplate reader Synergy™ HT  BioTek Instruments GmbH, Bad Friedrichshall, DE  
Microprocessor pH-Meter pH 211  Hanna Instruments GmbH, Kehl am Rhein, DE  
Microtome MICROM HM325 MICROM Laborgeräte GmbH, Walldorf, DE  
Microwave oven Siemens HF12M240  Siemens AG, München, DE  
NanoDrop-1000 Spectrophotometer NanoDrop Technologies, Wilmington, USA  
NanoWizard 3 JPK Instruments, Berlin, Germany 
Neubauer counting chamber Brand GmbH und Co KG, Wertheim, DE  
Nitrogen tanks KGW Isotherm, DG Apeldoorn, NL  
Orbital shaker Rotamax 120  
Heidolph Instruments GmbH und Co. KG, Schwabach, 
DE  
Orbital Shaker SSM1  Bibby Scientific Limited, Staffordshire, GB  
Orbital shakers Polymax 1040  Heidolph, Schwabach, DE  
Oven OV1 Biometra, Germany 
Paraffin embedding system MPS/P1 SLEE medical GmbH, Main, DE  
Pipetboy acu  INTEGRA Bioscience GmbH, Biebertal, DE  
Pipetman P1000  Gilson Inc., Middleton, USA  
Pipetman P200  Gilson Inc., Middleton, USA  
Pipettes (10 μl; 20 μl; 100 μl; 200 μl;  
1000 μl)  
Brand GmbH und Co KG, Wertheim, DE  
Pipettes (10 μl; 20 μl; 100 μl; 200 μl;  
1000 μl)  
Eppendorf AG, Hamburg, DE  
Precision scale EMB 500-1  KERN®, Balingen, DE  
Razor Contura  Wella Professionals, Darmstadt, DE  
Refrigerator Comfort  
Liebherr Hausgeräte Ochsenhausen GmbH, 
Ochsenhausen, DE  
Refrigerator Profi Line  
Liebherr Hausgeräte Ochsenhausen GmbH, 
Ochsenhausen, DE  
Rotor FA 45-30-11 Eppendorf AG, Hamburg, DE  
Rotor-Gene 3000 Cycler  Corbett Research Pty Ltd, Sydney, AU  
Safety workbench BioHazard Clean Air  Clean Air Engineering Inc., Palatine, USA  
Small shaker IKA® MTS 2/4  IKA®-Werke GmbH & Co. KG, Staufen, DE  
Spectrophotometer Hitachi U-2000  Hitachi, Ltd. Tokyo, JP  
Take3 Micro-Volume Plate  BioTek, Winooski, USA  
Tewameter® TM 300 COURAGE + KHAZAKA electronic GmbH, Köln, Germany 
Thermal shakers BioShake iQ  Quantifoil Instruments GmbH, Jena, DE  
Thermomixer 5436  Eppendorf AG, Hamburg, DE  
TissueLyser LT 85600 Qiagen, Hilden, DE  
TProfessional Basic PCR Thermocycler Biometra GmbH, Göttingen, DE  
Transferpette® S-8  Brand GmbH und CO KG, Wertheim, DE  
Ultrasonic homogenizer UP 50H  Hielscher Ultrasonics GmbH, Teltow, DE  
Vacuum centrifugal evaporator Jouan RC 10.22  Jouan, Saint Mazaire, FR  
VARIOMAG® Telesystem magnetic stirrer 
06.20/15.20/60.20  
Thermo Fisher Scientific Inc., Waltham, USA  
Vortex Genie 2™  Bender und Hobein AG, Zürich, CH  
Vortex shaker VF2  IKA®-Werke GmbH & Co. KG, Staufen, DE  
Water bath 
GFL – Gesellschaft für Labortechnik mbH, Burgwedel, 
DE  




3.10 DISPOSABLES  
Table 17: Disposables 
Disposable Stock # Manufacturer 
96-well flat-bottom plates, black (96-Well)  237108 
Thermo Fisher Scientific Inc., 
Waltham, USA  
Adhesion slides (SuperFrost Plus) 631-0108 
VWR International GmbH, 
Dresden, DE 
Biopsy punch (4 mm; 6 mm; 8 mm)  
48401, 48601, 
48801 
pfm medical AG, Köln, DE 
 
Cannulae BD Microlance™ 3 (0,4 x 19 mm, Nr.20)  302200 
Becton Dickinson GmbH, 
Heidelberg, DE  
Cell culture flasks Cellstar® (175 cm²)  660175 
Greiner Bio-One GmbH, 
Frickenhausen, DE  
Cell culture plates Cellstar®, clear (6-Well, 12-Well, 




Greiner Bio-One GmbH, 
Frickenhausen, DE  
Cell strainer EASYstrainer™ (70 μm)  542070 
Greiner Bio-One GmbH, 
Frickenhausen, DE  
Cell strainer pluriStrainer® (40 µm) 43-50040-51 Pluriselect GmbH, Leipzig, DE 
Cover slip - 
Menzel Glasbearbeitungswerk 
GmbH und Co. KG, Braunschweig, 
DE  
Cryo tubes cryo.S™  123279 
Greiner Bio-One GmbH, 
Frickenhausen, DE  
ELISA-plate high-bind; flat bottom  82.1581.200 
Sarstedt AG und Co., Nümbrecht, 
DE  
Embedding cassettes 17980 Engelbrecht, Edermünde, DE  
Eye and nasal ointment Bepanthen® Bayer Vital GmbH, Leverkusen, DE  
Falcon® Polypropylene Round-Bottom Tubes  352063 
Becton Dickson Labware, Franklin 
Lakes, USA  
Filter paper Whatman™ 17 Chr  3017-915 GE Healthcare GmbH, Freiburg, DE  
Gloves Peha-soft® nitrile Fino  9421975 
Paul Hartmann AG, Heidenheim an 
der Branz, DE  
Hydrophobic barrier pen 19316 
Thermo Fisher Scientific Inc., 
Waltham, USA  
Micro-Assay-Plate, PS, flat bottom (96-Well; black; 
clear bottom)  
655097 
Greiner Bio-One GmbH, 
Frickenhausen, DE  
Microplate, PS, U-bottom, clear (96-Well)  650101 
Greiner Bio-One GmbH, 
Frickenhausen, DE  
Microscope slide 0663675 
Menzel Glasbearbeitungswerk 
GmbH und Co. KG, Braunschweig, 
DE 
Molecular sieve (10 kDa) Vivaspin 500 
 
28-9322-25 GE Healthcare GmbH, Freiburg, DE  
Nalgene™ Cryo 1 °C Freezing Container  C1562 
Sigma-Aldrich Chemie GmbH, 
München, DE 
Nitrocellulose membrane Whatman™ Optitran (0.2 
μm)  
BA-S 83 GE Healthcare GmbH, Freiburg, DE  
OMNICAN Insulin syringe, 1 mL U100  9151133S 
B. Braun Melsungen AG, 
Melsungen, DE  
Parafilm® M  - 
Pechiney Plastic Packaging, 
Chicago, USA  
PCR-reaction tube 711080X 
Biozym Scientific GmbH, Hess. 
Oldendorf, DE  
Petri dish for bacteria 628102 
Greiner Bio-One GmbH, 
Frickenhausen, DE  
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Disposable Stock # Manufacturer 
Pipette tips - 
Greiner Bio-One GmbH, 
Frickenhausen, DE  
PP-tubes (15 mL; 50 mL)  188271, 227270 
Greiner Bio-One GmbH, 
Frickenhausen, DE  
Precast gel Amersham ECL™ 4-20%  28-9901-59 GE Healthcare GmbH, Freiburg, DE  
Precast gel Mini-PROTEAN® TGX™ 4–20% 4561093 
Bio-Rad Laboratories GmbH, 
Feldkirchen, DE 
PS-Microplate U-bottom  650101 
Greiner Bio-One GmbH, 
Frickenhausen, DE  
PS-Round-bottom tube (14 mL)  352051 
Corning Science Mexico, S.A. de 
C.V., Reynosa, MX  
PS-Round-bottom tube (5 mL)  55.1579 
Sarstedt AG und Co., Nümbrecht, 
DE  
Reaction tubes (0.5 mL, 1.5 m, 2.0 mL)  
667201, 
616201, 623201 
Greiner Bio-One GmbH, 
Frickenhausen, DE  
Serological pipettes Cellstar® (5 mL; 10 mL; 25 mL)  
606107, 
607107, 760107 
Greiner Bio-One GmbH, 
Frickenhausen, DE  
Slide SuperFrost® Plus D  19 35 15000 
Menzel Glasbearbeitungswerk 
GmbH und Co. KG, Braunschweig, 
DE  
Spatula M6  - Heinz Herenz GmbH, Hamburg, DE  
Stainless-steel beads (5 mm)  69989 Qiagen, Hilden, DE  
Surgical scalpel - Aesculap AG, Tuttlingen, DE  
Syringe Discardit™ II (5 mL)  309050 BD Pharmingen, Heidelberg, DE  
Tissue culture dishes 353001 BD Biosciences, Bedford, USA  
Waste Disposal Bag - 




Table 18: Software 
Software  Hersteller  
BZ-II Analyzer  Keyence, Neu-Isenburg, DE  
BZ-II Viewer  Keyence, Neu-Isenburg, DE  
GraphPad Prism V6.01 GraphPad Software, Inc., La Jolla, USA  
INTAS Gel Capture Entry  INTAS Science Imaging GmbH, Göttingen, DE  
LabImage 1D L340-Software  INTAS Science Imaging GmbH, Göttingen, DE  
Mendeley  Elsevier, New York, USA  
Microsoft Office 2010  Microsoft Corporations, Redmond, USA  
Rotor-Gene® 6  Corbett Research, Sydney, AU  
Gen5™ 2.00  BioTek Instruments GmbH, Bad Friedrichshall, DE  
NanoDrop V3.8.1  NanoDrop Technologies, Wilmington, USA  
Image Studio Ver 1.1  Li-COR, Inc., Lincoln, USA  
Transcriptome Analysis Console (TAC) 4.0.1  Thermo Fisher Scientific Inc., Waltham, USA 
oposSOM8 
Interdisciplinary Center for Bioinformatics, University of 
Leipzig, DE 







Although tumor cells can proliferate uncontrolled, they depend on the support of the 
circumjacent tissue, the stroma/parenchyma. The stroma has a structural and connective role and 
is comprised of connective tissue, blood vessels, nerves, ducts, and others (Bremnes et al., 2011). 
Besides function-providing cells like melanocytes in the epidermis, there are also cells organizing 
the stroma, like fibroblasts in the dermis (Fritsch and Schwarz, 2018). The focus of this work lies 
in the interaction of the skin cancer MM with the stromal HA provided by fibroblasts. It has been 
found that MM cells stimulate human fibroblasts to increase HAS2 expression and therefore HA 
synthesis. Higher HA-concentration also correlated with increased tumor cell proliferation 
(Willenberg et al., 2012). 
4.1 THE HAS2-KNOCKOUT MOUSE MODEL 
In order to investigate tumor-stroma interaction in vivo, a knockout-mouse model with the 
C57BL6 line genetically modified with the Cre-loxP system was established. A ubiquitous Has2-
knockout in all UbC-expressing cell types was designed to inhibit most HA deposition in the skin. 
In this subchapter, the characterization of the Has2 knockout model is described. 4OHT-treated 
Has2flox/flox-(CreERT2)+/-- and Has2flox/flox-mice are named “Has2-ko” and “Ctrl” respectively 
throughout this work. 
4.1.1 Has2-knockout characterization 
The primary and essential parameter for the following tumor experiments was the HA-
concentration in the skin. Thus, different methods were performed to measure the Has2-knockout 
and HA-reduction efficiency after 4OHT treatment. Once 4OHT treatment of the mice ended, they 
recovered for at least 5 days metabolize the remaining 4OHT and establish a consistent knockout. 
Then, the mice were sacrificed and analyzed.  
Skin punches from the back of the sacrificed mice were taken for protease lysis and the 
concentration of released HA was measured with HA-ELISA kits. The absolute amount of HA in 
the lysate was divided by wet skin weight to assess HA-concentrations in the skin. The mean HA-
concentration of 50 Ctrl mice was 273 ng/mgskin with variances up to ±83 ng/mgskin. With CreERT2 
expression, the skin of 48 Has2-ko mice contained 77 ng/mgskin with variances of ±48 ng/mgskin. 
This was a significant reduction of the mean by 72% compared to Ctrl mice. The variances of both 
groups were relatively high, but with 50 Ctrl and 48 Has2-ko individuals, the significance of the 
difference could be shown by the Mann-Whitney test (unpaired, non-parametric since D’Agostino 
& Pearson omnibus normality test was negative, Figure 15A). 
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Further, HA in several skin cross-sections was marked with bVG1 and then highlighted with 
streptavidin-coupled Alexa-488 fluorophore. Microscopic analysis of these sections visually 
demonstrated a strong reduction of the HA-related fluorophore signal throughout the epidermis, 
dermis, and subcutaneous fat tissue of Has2-ko mice (Figure 15B). As HA-negative controls, cross-
sections were pre-treated with bovine HYAL-1 before HABP staining. Those cross-sections 
showed almost no signal and were used to calibrate microscope sensitivity. The exposure time 
was adjusted so that HYAL-1 treated samples showed no signal at all. Hence, all shown 
photographs show specific HA signal and are normalized to an HYAL-1 treated sample of the same 
staining-session (not shown). 
Purified HA from skin punches of 5 Ctrl and 5 Has2-ko mice were run through an agarose gel 
electrophoresis and visualized with Stains-All. The gel showed HMW-HA ranging from 495 kDa to 
over 2400 kDa in both Has2-ko and Ctrl mice. Nevertheless, samples from Has2-ko mice had a 
reduced Stains-All intensity and a slight downshift of the high-molecular (upper) front of the 
bands, compared to controls (Figure 15C). By the addition of HYAL-1 to the purified samples 
before electrophoresis, the bands disappeared, evidencing that they indeed consisted of HA (not 
shown). Thus, a substantial amount of HMW-HA remained in the skin of Has2-ko mice, albeit the 
knockout induction. 
Mice with the age from 6 to 36 weeks (at the start of 4OHT treatment) were used throughout 
this work. HA reduction was achieved with the same efficiency (data not shown), for mice of all 
ages within the investigated range. It must be noted, that Has2-ko mice with the highest HA-
concentrations overlapped with Ctrl-mice with lowest HA-concentrations (Figure 15A) and there 
was no Has2-ko mouse with complete HA reduction in the skin. Further analyses on gene, 




Figure 15: Has2-knockout induction led to HA-knockdown 
Punctures of full-thickness skin were compared regarding HA from Has2-ko to Ctrl mice. (A) Skin lysates were measured with 
HA-ELISA and HA was calculated as HA-weight per wet skin weight. Each dot represents an individual mouse (50 Ctrl and 
48 Has2-ko mice). (B) FFPE skin was cut as cross-section and HA targeted with bVG1 and SA-Alexa-488 fluorophore (yellow). 
Magnifications of the white boxes are shown below. (C) HA in skin lysates (37 mg skin per sample) was purified and analyzed 
via agarose gel electrophoresis together with a commercial HA-ladder (left) and commercial HMW-HA solution with given 
sizes between 2200-2400 kDa (right). Absolute amounts of HA in the 37-mg-skin samples are given in the table at the side. 
 
4.1.2 Incomplete Has2 deletion 
Since HMW-HA was still noticeably detectable in the skin of Has2-ko mice, the knockout 
efficacy of Has2 had to be investigated in the skin and especially in fibroblasts. Therefore, genomic 
DNA (gDNA) from skin punches and primary fibroblast cultures were used to amplify the Has2-
exon2 by PCR. The PCR product size was determined by agarose gel electrophoresis. Predicted 
PCR product length after deletion was at 257 bp whereas control products were expected at 
2440 bp. Both skin samples and fibroblast lysates of Has2-ko mice showed deletion products but 
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also contained undeleted alleles in the same sample. The samples from Ctrl mice showed only the 
expected undeleted allele (Figure 16A). 
Has2-exon2 RNA levels were analyzed by RT-qPCR analysis with primers annealing within the 
floxed exon. The qPCR would result in no signal upon complete deletion. Absolute values 
measured as Has2 gene expression divided by Rpl-p0 reference gene expression were normalized 
to the mean of Ctrl samples for each experiment for comparison. Compared to the 31 measured 
Ctrl samples, relatively high Has2-mRNA values were detected throughout the 32 measured Has2-
ko samples. In contrast to the reduction of HA deposition in the skin by 72% (Figure 15A), average 
Has2-mRNA expression was only reduced by 38% (Figure 16B). There was only a weak 
correlation of the gene expression to the actual HA-concentration in the skin (Pearson r=0.29, 
R2=0.085, p=0.0202). 
While the remaining HA was probably produced by incomplete Has2 deletion, it could have 
also originated from the isoenzymes Has1 and Has3. Gene expression of all three isoenzymes was 
measured in 13 paired samples (6 Ctrl vs. 7 Has2-ko), which is why the 13 Has2 measurements 
are shown too. Has1 and Has3 RNA levels were found to be respectively 1000- and 100-fold lower 
expressed than Has2, with no significant changes between Ctrl and Has2-ko samples (Figure 16C, 
please note the logarithmic scale).  
Finally, protein levels of Has2 in skin punches of 4 Ctrl and Has2-ko samples each were 
measured by Western blot and signal intensity divided by Gapdh reference protein. As the skin 
HA-concentration suggested, the average Has2 protein level was reduced in Has2-ko samples 
compared to Ctrl (Figure 16D). Since the reduction was about 66% it resembled the HA reduction 
of 72% seen in Figure 15A. Additionally, 3 skin lysates from Ctrl and Has2-ko each were measured 
by a Has2-ELISA. The results resembled the picture from the Has2 Western blot, with an average 
reduction in Has2 expression by 34% (Figure 16E). 
Taken together, 4OHT induction did not lead to the complete deletion of the targeted DNA 
locus. Thus, the Has2-mRNA was still relatively high expressed in Has2-ko skin samples. 
Compensatory upregulation of the isoenzymes was not detected on the gene-expression level. 
Remarkably, Has2 protein expression appeared to be stronger downregulated than its mRNA 
expression would have implied. The reduction in Has2 protein did resemble more likely the loss 
of HA-concentration in the skin. Ultimately, the 4OHT induction resulted in a rather weak Has2-




Figure 16: Incomplete Has2-knockout led to Has2-knockdown 
Punctures of full-thickness skin were compared regarding HA from Has2-ko to Ctrl mice. (A) DNA from skin- and primary 
fibroblast- lysates were isolated and the Has2-exon2 gene locus was amplified with flanking primers. PCR products were 
separated in agarose-gel-electrophoresis together with a DNA-ladder. Undeleted alleles resulted in 2440 bp long products, 
deleted alleles in 257 bp. White arrows indicate undeleted alleles within Has2-ko samples. (B) RNA from skin lysates from all 
mice was isolated and reverse transcribed for qPCR. Primers annealed within the deleted region so that the complete deletion 
of Has2-exon2 would result in no PCR product. Has2 signal was divided by the Rpl-p0 house-keeping-gene signal. Then all 
samples were normalized to the mean value of Ctrl samples. Each dot represents an individual mouse. (C) A selection of skin 
RNA samples was also analyzed for Has1 and Has3 gene expression shown as parts per million (ppm) of Rpl-p0. Dots for each 
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gene represent an individual mouse. Identical mice were analyzed for each gene. (D) Has2 protein expression in skin lysate 
was measured with Western blot using commercial antibodies against Has2 and Gapdh. Signals were quantified by Li-COR 
software and relative expression values were calculated by dividing Has2-signal intensity with the Gapdh-signal intensity for 
each sample. Then, all values were normalized to the mean value of the Ctrl samples. (E) Has2-ELISA was used with 
independent skin samples to confirm Has2 quantification by Western blot. Protein-concentration for normalization was 
measured with a BCA-assay. [a.u.=arbitrary unit], [ppm=parts per million] 
 
4.1.3 Effects of the HA knockdown 
Even with incomplete Has2-knockdown, the overall loss of HA in the mouse skin was 
significantly strong, with the lowest HA-concentrations of 19 ng/mgskin. These changes were 
expected to change the skin’s physical parameters and physiology. The following set of 
experiments explored the impact of HA loss in the skin and mouse itself.  
4.1.3.1 Long term observation of Has2-knockdown mice 
All mice were treated for 12 days with 4OHT according to the established injection protocol. 
They were then observed up to 1.6 years after tamoxifen induction to investigate the stability of 
the HA knockdown in the skin. The reduced HA deposition by approximately 70% persisted over 
1.5 years counted from the first 4OHT injection. (Figure 17A). From the visual observation of the 
skin and fur, as well as their behavior over time, Has2-ko mice showed no apparent resting 
phenotype compared to their littermates. Observation of the individual weights was a critical 
parameter to assess their wellbeing, which did not differ throughout the time (data not shown). 
Since 4OHT is an antagonist to estrogen, male and female mice were compared to each other with 




Figure 17: HA-knockdown stable in both genders 
Mice with an age between 6 and 36 weeks were treated with 4OHT to induce HA-knockdown. (A) For the long-term 
observation of HA-concentration, the elapsed days after the first 4OHT injection (t*) is given. The treatment lasted for 12 
days plus 2 days pause (1 out of 7 days). An exception is the values on day 11, where the 4OHT treatment lasted only 5 days 
and mice rested afterward. At the indicated days, mice were sacrificed (no tumor challenge) and the skin was analyzed for 
HA-concentration. (B) For the comparison of HA-concentration between gender, identically treated mice from tumor 
experiments were analyzed to have a more homogenous distribution of both genders. The HA-concentration in the skin was 
measured after 30 days of the first 4OHT injection. In the final 16 days, mice were challenged with B78D14 tumors. The 
concentration is given as HA-weight per wet skin weight. The whiskers indicate the standard deviation. 
 
4.1.3.2 HA knockdown altered physical properties of skin 
Since skin structure and physiology are HA dependent, the skin permeability, -elasticity, -
hydration, and trans-epidermal water loss (TEWL) were analyzed.  
After sacrifice, Franz diffusion cells were used to measure skin permeability by diffusion of 
fluorescein from donor to acceptor cell. Two skins were compared to each other at a time, one Ctrl 
and one Has2-ko skin sample. The absolute amount of diffused fluorescein showed high variances 
between experiments, but the paired comparison revealed a significantly reduced mean diffusion 
rate by ~70% in the skin of Has2-ko mice (Figure 18A).  
In cooperation with the department for Biophysical Chemistry at the University of Leipzig 
(Prof. Dr. Tilo Pompe, Dr. Jiranuwat Sapudom, and Dr. Steve Martin), skin elasticity was 
determined using atomic force microscopy (AFM). According to Achterberg et al. 40 µm cross-
sections of mouse skin were submerged in PBS for Young’s E-modulus measurement by 
indentation (Achterberg et al., 2014). Young’s E-modulus is given in Pascal (high values = 
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stiff/inelastic, low values = soft/elastic) and acts as an indicator for skin elasticity. Blotting the 
results as a histogram (Plodinec et al., 2012; Acerbi et al., 2015; Ansardamavandi et al., 2016) 
revealed reduced frequency of high values within skin cross-sections of Has2-ko mice (Figure 18B, 
black arrow).  
The skin hydration (Corneometer™) and TEWL (Tewameter™) were both measured on the 
back of anesthetized mice. Data from 19 mice (12 Ctrl vs. 7 Has2-ko) showed no apparent impact 
of the HA-knockdown on either skin hydration or TEWL. No correlation to the apparent HA-
concentration of the skin could be found (Figure 18C). It has to be mentioned that the 
Corneometer™ showed lower values than reported for healthy human skin, which should have a 
value above 40 arbitrary units according to the manual. Measuring mouse skin resulted in values 
between 4-12 arbitrary units. In the case of the Tewameter™, the mouse measurements resembled 
reported values for healthy human skin (0-10 g/h/m2). 
It was expected that the loss of 72% HA in the skin would result in drastic changes in skin 
physiology. The presented experiments showed on the one hand that skin hydration and TEWL 
were unaffected. On the other hand, the indentation of the dermis in cross-sections showed 
reduced amounts of stiff measurement values (high Pa) in Has2-ko skin. Also, fluorescein diffusion 




Figure 18: Skin-permeability, -elasticity and -water-retention-potential 
(A) Skin was taken directly after sacrifice and permeability were measured in Franz diffusion cells. Fluorescein-Na/PBS was 
given in the donor chamber facing the epidermis and fluorescent intensity in the acceptor chamber facing the dermis was 
measured after 4h incubation at 37°C. With two Franz diffusion cells, skin samples from Has2-ko and Ctrl mice were measured 
in pairs and shown are the fluorescence intensity of Has2-ko compared to respective Ctrl (100%) given as a percent. Each dot 
represents a Has2-ko and Ctrl pair of mice. (B) Skin elasticity was measured in thawed, PBS-submerged 40 µm-thick skin-
cross-section by AFM. 3 skin cross-sections from 3 Ctrl and 3 Has2-ko mice each were measured with approximately 50 
indentations per cross-section. Young’s E-modulus for each indentation was calculated and pooled for Ctrl and Has2-ko 
samples. Young’s E-modulus values are shown as a histogram. The black arrow indicates the high values measured only in all 
Ctrl mice samples. (C) Skin hydration was measured with the Corneometer™ and TEWL with the Tewameter™ on the lower 
back of anesthetized mice. Values were normalized to the mean of Ctrl mice. Each dot represents an individual mouse. And 




4.1.4 Has2-knockout efficiency in other organs 
In addition to the skin, other organs were also tested for a complete Has2-knockout. Thus, 
DNA from the brain, heart, intestine, liver, lung, and spleen was analyzed analogously to the skin 
samples. In all Has2-ko mice, the investigated organs showed a band at 257 bp, the predicted 
product length after Has2-exon2 deletion. At the same time, they also showed remaining 
undeleted alleles at 2440bp, except for the intestines. The latter showed no amplification of the 
undeleted allele at all, neither in Ctrl nor in Has2-ko samples (Figure 19A). The knockout induction 
appeared to be generally incomplete throughout several tissue types. 
In the case of the lung, HA-concentration was also determined. Compared to the skin (~300 
ng/mg skin in Ctrl mice, Figure 19A), there were only approximately 10 ngHA/mgtissue in lung 
tissues for both Ctrl and Has2-ko mice. Thus, despite clear evidence of Has2-exon2 deletion in the 
lung, there was no HA-knockdown observed (Figure 19B). 
 
 
Figure 19: Incomplete Has2-knockout in other organs 
(A) Liver, spleen, brain, heart, intestines, and lung samples were lysed and DNA isolated. PCR products generated with Has2-
exon2 flanking primers were separated with agarose gel electrophoresis (ladders not shown). All organs showed induced 
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deletion of Has2-exon2 (product at 257 bp). Except in the intestines, all organs showed incomplete deletion with the 
remaining undeleted allele at 2440 bp. The intestines showed no undeleted alleles at all. Representative bands are shown. 
(B) HA from lung samples was also measured with commercial HA-ELISA and given as HA-weight per lung-(wet)-weight. Each 
dot represents an individual mouse. 
4.1.5 Effects of Has2-knockout on gene expression 
In order to gain a broader overview of Has2-knockdown effects on the skin, RNA from skin 
lysates was further analyzed by DNA-microarray. Ten mice from two independent experiments 
were pooled into two groups: A Ctrl group with five of the highest amount of measured skin HA-
concentration and a Has2-ko group with five of the lowest amount of measured skin HA-
concentration. Initial analysis of the normalized gene expressions revealed 288 significantly 
regulated genes (fold-change absolute ≥2 and FDR ≤0.05).  However, several highly up- and down-
regulated genes were described as Y-chromosomal and belonged to sex-differentiation genes. 
Hence, the groups were further separated according to gender and genes which were affected by 
gender. To identify those genes, female Ctrl mice were compared to male Ctrl mice and 
differentially expressed genes were listed. These genes were generally subtracted from the initial 
list, leaving 42 significantly regulated genes. Those 42 genes were split in up- and down-regulated 
and subjected to self-organizing matrix (SOM) and gene set analysis conducted by Lydia Hopp 
from the Interdisciplinary Center for Bioinformatics at the University of Leipzig (Figure 20A). For 
their in-house developed oposSOM analysis, the resulting lists were too small to generate credible 
interpretation (not shown). But the built-in gene set analysis resulted in 16 affected gene sets 
(Figure 20B) of which cornified envelope, peptide-crosslinking, epidermis development, and 
keratocyte differentiation showed a close relationship to each other. The strongest (up-)regulated 
gene in these sets was the small proline-rich protein 2a3 (Sprr2a3)9. According to the microarray 
analysis, Sprr2a3 was 4.68-fold higher expressed in Has2-ko mice (Table 19). Further RT-qPCR 
analysis with RNA from full-thickness skin, as well as separated epidermis and dermis, revealed a 
less pronounced effect. Full-thickness skin RNA showed no impact of Has2-ko on Sprr2a3 
expression, only the dermis and epidermis alone may have had an increased Sprr2a3 expression 
in Has2-ko, although not significantly (Figure 21). 
 
 




Figure 20: DNA-microarray analysis of the skin 
From each of the Ctrl and the Has2-ko group, five mice with the highest or lowest HA expression were chosen, respectively. 
The skin RNA samples were validated and analyzed by DNA-microarray. (A) Due to mixed genders in both groups, sex-specific 
gene-regulation was excluded from a post-analysis workflow. Differentially regulated genes in Ctrl male versus Ctrl female 
were subtracted from the Ctrl versus Has2-ko list of differentially regulated genes, resulting in 42 significantly regulated 
genes. (B) Up- and downregulated gene lists were subjected to gene set analysis with hits in 20 sets, which contained up-






Differentially regulated genes found in the gene sets “cornified envelope” (1), “peptide cross-linking” (2), “epidermis 
development” (3), and “keratinocyte differentiation” (4) are shown here. Sprr2a3 was the gene with the strongest change in 
regulation and was found to be significantly upregulated in Has2-ko samples. 
















Lce1d late cornified envelope 1D 2.45 0.0474 1,2,3,4 
Lce1g late cornified envelope 1G 2.37 0.0234 1,2,3,4 
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Figure 21: Sprr2a3 gene expression in skin layers 
Sprr2a3 was chosen for closer examination with RT-qPCR of full-thickness skin, dermis, and epidermis samples. Sprr2a3 gene 
expression is presented relative to Rpl-p0 house-keeping-gene expression. [a.u.=arbitrary unit] 
 
4.2 IN VITRO HAS2-KNOCKOUT AND EFFECT ON MM CELLS 
Following the confirmation of the HA-knockdown in Has2-ko mice, the in vitro Has2-knockout 
induction in primary fibroblasts was investigated. In this case, unchallenged fibroblasts from 
Has2flox/flox and Has2flox/flox-(CreERT2)+/-, mice were isolated and stimulated with 4OHT in cell 




Conditioned media (CM) from Ctrl and Has2-ko fibroblasts containing high and low HA-
concentrations respectively were used to influence proliferation in MM cells. Additionally, the 
positive-feedback loop of MM cells on the fibroblasts’ HA production was tested with CM from MM 
cells on unchallenged fibroblasts. This set of experiments were conducted according to Willenberg 
et al., who published this paracrine interaction between human MM cells and human fibroblasts 
(Willenberg et al., 2012). 
4.2.1 In vitro Has2- and HA-knockdown 
First, primary fibroblast’s gene expression of Has2 was measured after 48 hours of 4OHT-
treatment and 48 hours of sub-culturing with fresh 4OHT-free cell culture medium. Has2-ko and 
Ctrl fibroblasts were cultured according to a protocol that allows them to reach near confluency 
with a specific cell number, medium volume, and timespan. The cells were directly lysed in the 
culture flask and RNA extracted for RT-qPCR. The results from two independent experiments 
showed a striking reduction of Has2 gene expression in Has2-ko fibroblasts compared to Ctrl 
fibroblasts. In vitro, the reduction with 90% (Figure 22A) was stronger than in vivo with 38% 
(Figure 16B) loss of Has2 expression. 
Next, the HA synthesized by a specific number of cells of Ctrl or Has2-ko fibroblasts was 
measured in the defined medium volume, after a specific time. Since Has2 secretes the synthesized 
HA directly out of the cell, HA deposition capability was measured in the supernatant. Has2-ko 
fibroblasts in two independent experiments secreted 53% less HA into the cell culture medium 
than the controls (Figure 22B), which in turn was a smaller reduction of HA-deposition than the 
72% found in full-thickness skin samples (Figure 15A). 
 
Figure 22: Has2-knockout induction in fibroblasts resulted also in Has2- and HA-knockdown 
Primary fibroblasts of Has2flox/flox and Has2flox/flox-(CreERT2)+/- mice were cultivated with 2 µM 4OHT in cell culture medium for 
48 hours. After trypsinizing once, equal concentrations were seeded without 4OHT in distinct medium volume. After 48 hours, 
the supernatant was collected for HA measurement and cells were directly lysed for RNA extraction. (A) RT-qPCR with primers 
within deleted Has2-exon2 locus was conducted with standard plasmids for calibration of Has2 and Rpl-p0. Has2 expression 
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was divided by Rpl-p0 reference gene expression for each sample. Then, all values were normalized to the mean of Ctrl 
samples. Each dot represents an independent sample. (B) The supernatant’s HA-concentration was measured with 
commercial HA-ELISA and normalized to the mean of Ctrl samples. Each dot represents a fibroblast culture sample from one 
of two independent experiments. [a.u.=arbitrary unit] 
 
4.2.2 Has2-ko fibroblast conditioned media decreased MM proliferation 
With the confirmation that 4OHT treated Has2-ko fibroblasts did produce only half of the Ctrl 
fibroblasts’ HA, the fibroblast-CMs were generated and applied on MM cells. Has2-ko and Ctrl 
fibroblasts were grown sub-confluent and then switched to DMEM with 2% FCS to create the CM 
for 24 hours. The FCS concentration was reduced from 10% to 2% during CM production to 
prevent the FCS abundancy to induce maximal proliferation in MM, thus overlaying potential HA 
effects. The 2% FCS provided fibroblasts with enough nutrients for HA production. The fibroblast-
derived CM contained 209 ngHA/mL for Ctrl and 116 ngHA/mL for Has2-ko fibroblasts. As an HA-
negative control, DMEM-medium with 2% FCS without fibroblasts was chosen. This HA-negative 
control nevertheless contained 18 ngHA/mL.  
MM cells were grown to sub-confluence before their cell-cycle was synchronized in serum-
free DMEM overnight. On the next day, cells were detached and resuspended in DMEM with 
5% FCS as master-mix. This MM master-mix (150 µL) was added to the Ctrl or Has2-ko fibroblasts-
CM or HA-negative control (500 µL) and then dispensed on cell culture plates. The final FCS 
concentration of the cell suspension was maximal 2.7% since it was unknown how much FCS had 
been consumed during the generation of the CM. After 20 hours of incubation in CM proliferation 
was measured via the BrdU-proliferation kit (Figure 23). This single-batch of fibroblast CM on 
four technical replicates of each MM cultures showed that HA-rich CM from Ctrl-fibroblasts was 
able to significantly (related to technical replicates) increase cell proliferation of B16F10 3-fold 
compared to Has2-ko CM. The proliferation of MM cells cultured with Has2-ko CM which was in 
the same range as the controls consisting of DMEM with 2.7% FCS. Comparison between CM and 
HA-negative control may have been misleading since exact FCS concentrations of CMs were 
unknown and a potential higher FCS concentration in the control might have led to an artificially 
higher proliferation in MM cells. The B78D14 cells appeared to be not affected by different HA-




Figure 23: Has2-ko fibroblast conditioned media decreased MM proliferation 
Sub-confluent B16F10 and B78D14 MM cells were synchronized in serum-free DMEM overnight, before cultured with CM. 
The fibroblast-derived CM was generated from 4OHT-induced Ctrl or Has2-ko fibroblasts, which were sub-confluently 
cultured in DMEM with 2% FCS for 24 hours (single batch). MM cells were detached, resuspended in DMEM with 5% FCS, and 
then mixed with the fibroblast-derived CM to a final FCS concentration of 2.7% before plating (technical replicates n=4). 
Therefore, the control was fresh DMEM with 2.7% FCS. After 20 hours of incubation, proliferation was measured with the 
BrdU-proliferation kit according to the manual. The HA-concentration of the CM and the control was measured before use 
 
4.2.3 MM conditioned media influenced fibroblast’s HA secretion 
In order to test the MM capability to induce HA production in fibroblasts, MM-derived CM was 
generated to later induce primary fibroblasts. Cells from B16F10 and B78D14 were first sub-
cultured with DMEM including 10% FCS. Before they reached complete confluence, the medium 
was switched to DMEM without FCS to generate the MM-derived CM overnight. HA-concentration 
from the single batch of CMs was measured and both cell types did not produce any detectable 
HA. 
The primary fibroblasts were isolated from uninduced Has2flox/flox mice and cultured in DMEM 
containing 10% FCS before their cell-cycle was synchronized in serum-free medium overnight. 
Then, the media were exchanged for the MM-derived CM and one fibroblast culture was induced 
for 3 hours for RNA analysis and another one for 24 hours for HA measurement of the supernatant. 
The Has2-mRNA expression after 3 hours was measured with two technical replicates. 
Relative to the control (serum-free DMEM), B16F10-CM led to a 2-fold increase of Has2-mRNA 
expression in fibroblasts. B78D14-CM led to a 1.3-fold increased Has2-mRNA expression in 
fibroblasts (Figure 24A). The HA-concentration after 24 hours of incubation were in line with the 
Has2 gene expression. B16F10-CM showed a 1.4-fold increase of HA in the supernatant and 
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B78D14-CM a 1.16-fold increase. The HA-concentration of the CM alone and after application on 
fibroblasts are shown in Figure 24B. Here, serum-free DMEM was measured with 6 ng/mL HA, 
whereas DMEM with 2% FCS had 18 ng/mL HA, as seen in chapter 4.2.2. Thus, DMEM and FCS 
both contained a minor amount of HA. 
 
Figure 24: Paracrine interaction of malignant melanoma cells and fibroblasts 
Cell-cycle synchronized fibroblasts of uninduced Has2fl/fl mice were cultured with CM from B16F10 or B78D14 cells (generated 
with serum-free DMEM overnight). (A) Has2 gene expression, measured by RT-qPCR with Has2-exon2 flanking primers, was 
divided by Rpl-p0 reference gene expression and finally normalized to the mean serum-free DMEM control (DMEM-SF). Each 
dot represents technical replicates. (B) HA-concentrations of control (serum-free DMEM) and CMs before and after cultivation 
with fibroblasts are shown. 
4.2.4 The transition towards in vivo tumor experiments 
Only the B16F10 cell line showed a reaction to the different HA-concentrations in Ctrl- and 
Has2-ko-fibroblast CM. As expected, 209 ng/mL (Ctrl) HA induced an increased proliferation in 
B16F10 cells compared to 116 (Has2-ko) or 18 ng/mL (HA-negative control) HA. The two latter 
showed only minor differences between each other. Vice versa, B16F10 derived CM induced 
higher Has2 gene expression in fibroblasts. 
On the other hand, B78D14 demonstrated no change in proliferation rate at all. Also, its 
supernatant had low to none effect on Has2 gene expression in fibroblasts. Nevertheless, B78D14 
cells were also inoculated in mice. There was still the possibility, that the immobilized in the ECM 
HA – contrary to soluble HA in the CM – could exert stronger or different signals on B78D14 cells 
compared to the soluble HA in vitro.  
Results 
69 
These results, together with the previous data from Willenberg et al. in the human setting, 
could support the assumption of HAs proliferative effect on primary tumor growth in vivo. Also, it 
was assumed that the MM cells induce HA production in the dermis as well. 
 
4.3 IN VIVO TUMOR EXPERIMENTS 
As the in vitro experiments suggested, murine MM growth could benefit from fibroblast-
derived HA. The presented data show an elevated B16F10 cell proliferation by increased HA-
concentration in the supernatant. The use of the generated Has2-knockdown mice should transfer 
these results into a physiological setting. The Ctrl and Has2-ko mice were challenged with the 
aggressive murine tumor cell line B16F10 and the rather moderate B78D14. One tumor cell line 
at a time was either injected ID or IV. Respectively, the primary tumor growth or metastasis 
formation was investigated. The analysis of tumor parameters was initially correlated to the 
groups Has2-ko and Ctrl. But seeing that HA-concentrations overlap in both groups, a more 
suitable method of comparison is presented first. 
4.3.1 HA threshold, correlation, and exclusions 
The investigation of the tumor-challenged mice showed a discrepancy of Has2-ko mice and 
their skin’s HA-concentration. The 4OHT induced Cre-recombination led to a broad spectrum of 
HA-concentrations in the skin where some Has2-ko mice had values as high as the lowest Ctrl mice. 
To correctly sort mice into homogeneous groups with similar HA values, 4OHT treated mice were 
grouped in Low-HA and High-HA regardless of their genotype.  
Therefore, a suitable threshold that maximized both groups was calculated by fitting a 
polynomial function to the histogram of Has2-ko and Ctrl mice (Figure 25). The intersection of 
both functions was at an HA-concentration of 155 ng/mgskin. Thus, this value was chosen as the 
threshold for the new groups High-HA and Low-HA. With the new grouping, 2 of 57 Ctrl mice and 
6 of 54 Has2-ko were reassigned to the opposite group, resulting in 61 High-HA and 50 Low-HA 
mice. The analyses of tumor experiments, whenever nominal grouping was required, were 
conducted with Low- and High-HA groups instead of Ctrl- and Has2-ko-groups. However, the more 
powerful and precise analysis of the impact of HA-concentration on tumor parameters would be 
the correlation of two cardinal parameters. Whenever applicable, tumor parameters – measured 
as interval or ratio scale – were directly correlated to the skin’s HA-concentration (ratio scale). 
The ID injection of tumor cells into the dermis is much more difficult than SC injection. An 
indication of the successful ID injection is a high resistance during the application of the tumor-
cell suspension and the remaining of a bulge at the injection site for about 15 minutes. As soon as 
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these properties were not fulfilled during ID injection, the affected mouse was excluded from 




Figure 25: High- and Low-HA grouping 
Skin’s HA-concentrations of Ctrl (black) and Has2-ko (red) mice are shown as histogram (bin width = 50). Polynomial fitting 
was conducted for each group (lines) and the intersection at 155 ngHA/mgskin was chosen as a new threshold for High- 
(≥155 ng/mg) and Low- (<155ng/mg) HA groups. 
 
4.3.2 Effects of HA knockdown on primary tumor volume and weight 
By using ID injection, the tumor cell suspension was spatially confined and neoplastic 
formation was comparable from mouse to mouse. The tumor growth was measured in the volume 
and weight of the primary tumors. Therefore, one million B16F10 or B78D14 cells were 
inoculated ID and the tumor volume was measured, as soon as a bulge at the injection site was 
visible (Figure 26A and C). Additionally, tumor weight was determined of B78D14 tumors only, 
since B16F10 were not solid enough for non-destructive excision of the pure tumor mass (Figure 
27C). 
B16F10 tumors became visible on day 4 post-inoculation. Here, the tumor volume appeared 
to be in an exponential growth phase up to day 9 post-inoculation where the endpoint criterion of 
10 mm diameter was reached for most mice. At that time, their tumor volume reached ~200 mm3 
on average. Day 9 post-inoculation was chosen for B16F10 tumor mice to be sacrificed and 
analyzed (Figure 26A). Compared to B78D14 tumors, B16F10 cells readily produce melanin which 
was seen in black tumors (Figure 26B). 
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B78D14 tumors developed slower and were only visible after day 7 post-inoculation. Their 
growth rate appeared to slow down at ~100 mm3. Nevertheless, on day 16 post-inoculation most 
tumors reached the endpoint criteria of 10 mm diameter. The day 16 post-inoculation had been 
chosen to sacrifice B78D14 tumor mice for analysis (Figure 26C). Figure 26D shows exemplary 
mice of High- and Low-HA, where the absence of melanin production of B78D14 cells led to 
colorless tumors.  
The growth rate between B16F10 and B78D14 cell lines was different in speed and final size, 
but the observed tumor volumes did not differ between High-HA and Low-HA mice within the MM 
cell groups. Both B16F10 and B78D14 tumors showed no impact of HA-concentration on tumor 
growth (Figure 26A and C). For both tumors, the endpoint volumes might hint at smaller values 
in Low-HA mice, but the differences were not significant (“Vol.” in Figure 27A and B). In addition 
to the standard procedure, B78D14 cells were also inoculated with 105 cells per injection to follow 
tumor volume development over a longer period but results again were indifferent (not shown). 
 
 
Figure 26: Tumor growth in vivo 
High- and Low-HA mice were ID injected with 1.0 × 106 B16F10 or B78D14 tumor cells in the lower back. (A) B16F10 tumor 
volumes were determined after 4, 5, 6, and 9 days. (B) Photos show B16F10 tumors after sacrifice on day 9 of High- and Low-
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HA mice. (C) B78D14 tumor volumes were determined after 7, 10, and 16 days. (D) Photos show B78D14 tumors after sacrifice 
on day 16 of High- and Low-HA mice. Each dot in graphs A and C represents the mean tumor volume of the number of mice 
per group given below the x-axis. 
Immediately following sacrifice, tumors were dissected for analysis. B16F10 tumors were 
strongly encapsulated by connective tissue. Breaking the capsule resulted in the loss of viscous 
tumor mass and sample. Therefore, B16F10 tumors were dissected with a minimal amount of 
adjacent skin and connective tissue. In this case, tumor weight was not recorded, and the tumor 
mass was completely used for either histological or gene-expression analysis. Although tumor 
endpoint volume was similar between High-HA and Low-HA mice, B16F10 tumors of Low-HA mice 
showed a significant average decrease by 25% of proliferation marker Ki67’s mRNA expression 
(Figure 27A) with a moderate correlation to respective skin’s HA-concentration (r=0.673, 
p=0.0043, n=16, Table 20). Interestingly, there was no correlation between the tumor volume and 
the Ki67 gene expression (r= -0.3095, p= 0.2434, n=16, not shown). In the case of the B78D14 
tumors, Ki67 gene expression was not significantly different between High- and Low-HA mice 
(Figure 27B) 
Tumor vascularization, analyzed exemplarily by the expression of endothelial marker Cd31, 
was regarded as critical for tumor progression. RNA from both B16F10 and B78D14 tumors was 
analyzed by RT-qPCR for their relative Cd31 gene expression between High- and Low-HA mice.  
Ultimately, several independent tumor experiments showed that Cd31 was indifferently 
expressed between those groups (Figure 27A and B). Also, there was no correlation of Cd31 gene 





Figure 27: Tumor volume, proliferation, and vascularization 
Primary tumor readouts (volume, Ki67/Cd31 gene expression) were normalized to the mean of High-HA samples of each 
independent experiment for pooled comparison. The Individual gene expressions (e.g. Ki67) were additionally divided by Rpl-
p0 expression before normalization. Volume, proliferation marker Ki67, and vascularization marker Cd31 of B16F10 (A) or 
B78D14 (B) tumors were compared between High- and Low-HA mice. Only the Ki67 expression of B16F10 tumors showed a 
significant decrease in Low-HA mice. 
B78D14 tumors were solid and could be easily separated from surrounding tissue. Here, the 
tumor weight was measured before the samples were split for histological and gene expression 
analysis. The additional parameter “tumor weight” showed a tendency to have lighter tumors in 
Low-HA mice, when absolute tumor weights were compared from independent experiments 
(Figure 28A). A higher significance (Mann Whitney test, p = 0.018) was observed when the mice 
were normalized within their respective experiment first and then compared to each other 
(Figure 28B). Here, B78D14 tumors in Low-HA mice had only 68% of the weight compared to 
High-HA mice on average. The relative tumor weights also correlated moderately with the skin 





Figure 28: B78D14 tumor weight 
After complete and intact removal of the B78D14 tumor mass from the adjacent skin, tumor weight was measured with a 
precision scale before further processing of the tumor mass. (A) Absolute B78D14 tumor weights were compared between 
High- and Low-HA mice. (B) Normalized tumor weights (for each independent experiment) showed a significant decrease in 
weight in Low-HA mice  
In addition to Ki67 and Cd31 gene expression, several other genes regarding HA metabolism 
(Has2, Hyal1, Hyal2, Tmem2, Cemip), -receptors (Cd44), tumorigenicity (TGF-β, Il-6, Tenascin), and 
immune regulation (Cd11b, Cxcl5, Ccl2) were investigated in tumors of High- and Low-HA mice. 
But, they all seem to be unaffected by reduced HA incorporation in the skin (Table 20 and Table 
21). 
Table 20: Further B16F10 tumor gene expression readouts 
All tumor readouts of B16F10 tumors as a comparison between High- and Low-HA (Mann Whitney test) or as a correlation to 
skin HA-concentration (Pearson correlation). The calculations with p-values below 0.05 were regarded as significant. 
  Mann Whitney test Correlation 












  XY pairs  
Proliferation Ki67  0.945 0.720 8 8 0.0034 0.673 16 0.0043 
Vascularization Cd31  0.945 0.750 8 8 0.0830 0.495 16 0.0512 
HA degradation 
Hyal1 0.920 0.905 8 8 0.5560 0.388 16 0.1377 
Hyal2 0.930 0.950 8 8 0.5549 0.243 16 0.3651 
HA receptor Cd44 0.940 0.870 4 3 
> 
0.9999 
0.512 7 0.2397 
Tumorigenicity Tgf-β 0.540 0.520 4 3 
> 
0.9999 
0.268 7 0.5612 
Immune cells 
Cd11b 0.560 0.610 4 3 0.5429 -0.036 7 0.9385 




Table 21: Further B78D14 tumor gene expression readouts 
All tumor readouts of B78D14 tumors as a comparison between High- and Low-HA (Mann-Whitney test) or as a correlation 
to skin HA-concentration (Pearson correlation). The calculations with p-values below 0.05 were regarded as significant. 
  Mann Whitney test Correlation 















Proliferation Ki67 0.757 0.934 12 6 0.2129 -0.144 18 0.5693 
Vascularization Cd31 0.825 0.923 12 6 0.6165 0.011 18 0.9669 
HA metabolism 
Has2-1 1.066 0.269 6 3 0.1667 0.741 9 0.0224 
Hyal1 0.960 0.944 9 5 > 
0.9999 0.259 14 0.3711 
Hyal2 1.043 0.941 9 5 0.8981 0.102 14 0.7298 
Tmem2 1.049 1.209 2 2 0.3333 -0.922 4 0.0776 
Cemip 0.800 0.815 12 6 0.6652 -0.053 18 0.8341 
HA receptor Cd44 0.518 0.796 6 3 0.1786 -0.595 9 0.0913 
Immune cells 
Cd11b 0.249 0.516 9 5 0.2013 -0.199 14 0.4964 
Cxcl5 0.875 1.257 9 5 > 
0.9999 0.002 14 0.9952 
Ccl2 0.943 1.419 3 2 0.2000 -0.734 5 0.1579 
Tumorigenicity 
Tgf-β 0.395 0.558 5 3 0.1429 -0.520 8 0.1865 
Il-6 0.993 1.181 3 2 > 
0.9999 0.048 5 0.9391 
Tenascin 1.116 1.536 3 2 0.2000 -0.836 5 0.0777 
 
The commonly used parameter to describe tumor progression is the volume, which was 
shown to be unaffected by different skin HA-concentration in mice. Unexpectedly, B78D14 tumor 
weight seemed to be reduced in Low-HA mice, although tumor volume and the Ki67 proliferation 
marker were unchanged. On the other hand, B16F10 tumors showed decreased Ki67 gene 
expression in Low-HA mice while retaining normal tumor volume at the time of analysis. Several 
other gene expressions regarding tumor growth were unaffected by HA-concentration. Thus, 
reduced HA incorporation seemed to have no coherent impact on primary parameters of MM 
growth. 
 
4.3.3 Tumor histology and HA localization 
For H&E or Masson’s trichrome staining, B16F10 and B78D14 tumors were fully excised with 
adjacent skin and immediately fixed in formaldehyde. Cross-section of the tumors revealed that 
the intended orthotopic injection into the dermis resulted in tumors grown in the subcutaneous 
fat tissue between dermis and panniculus carnosum (Figure 29). Both B16F10 and B78D14 tumors 
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showed a distinct separation of cancer cells from the dermal tissue. They grew encapsulated 
showing low interaction with the skin.  
 
 
Figure 29: B16F10 and B78D14 tumor cross-sections 





Since human nodule melanoma is known to include patches of stromal tissue (Willenberg et 
al., 2012), bVG1/SA-Cy3 was used in cross-sections to visualize stromal HA at the tumor site. The 
IF-microscopy confirmed that there was no common inclusion of HA-expressing stromal tissue in 
the experimental tumors. In some mice, the irregular HA signal was visible within the tumor, but 
the occurrence did not correlate to the skin’s HA-concentration. Also, these results show that both 
tumor cell lines did not deposit intrinsic HA into the tumor (Figure 30). 
 
 
Figure 30: HA staining in tumor cross-sections 
B16F10 and B78D14 tumor cross-sections IF-stained for HA (red) and nuclei (blue). Bars=100µm 
 
In the IF-microscopy, the HA deposition was seen in tumor-related (in the proximity of the 
primary tumor) skin. Interestingly, the signal intensity did not appear to be increased compared 
to skin further away from the tumor or to healthy skin samples. The B16F10- and B78D14-related 
skin was dissected and the HA-concentration was determined analogously to the healthy skin 
samples. It was expected that tumor-related skin would show elevated HA-concentrations 
compared to normal skin. Interestingly, this was not the case. Instead, tumor-related skin samples 
contained less HA than their healthy counterparts taken from the same mouse. This appears to be 





Figure 31: HA-concentration in healthy and tumor-related skin 
Healthy and tumor-related skin was taken from B16F10 and B78D14 tumor mice. HA-concentrations per skin weight were 
determined with HA-ELISA. High-HA (black) and Low-HA (red) mice are shown separately. Grey lines indicate matched 
samples (one tumor-proximal and one healthy skin sample) from the same mouse. HA-concentration was calculated as HA-
weight per skin-(wet)-weight. 
 
The histologic cross-sections of tumors showed three interesting features. First, despite the 
ID injection of MM cells, tumors developed between the dermis and subcutaneous fat tissue and 
not intradermally. Second, the primary tumors appeared to grow spherically without the inclusion 
of stromal tissue, as human nodular MM often have (compare Figure 35). Last, HA-tumor 
interaction was found only at the tumor-stroma interface and it appeared that there was no 
increased HA deposition in tumor proximity. Interestingly, there was a lower HA-concentration 
in tissue closer to the tumor. 
4.3.4 HA fragments in tumors, healthy-, and tumor-related-skin samples 
Tumors with high HA metabolism and accumulation of HA fragments (HA-oligosaccharides) 
were already linked to increased tumor progression (McAtee, Barycki and Simpson, 2014). There 
are reports that in experimental rat tumors and colorectal tumors HA-degradation into 
oligosaccharides was found to be increased with correlation to lymphatic invasion and lymph 
node metastasis (Schmaus et al., 2014). Hyal-1 expression was linked to prostate tumor 
proliferation in vitro (Lokeshwar et al., 2005). Schmauß et al. found that increased Hyal-1 
expression in a mouse syngeneic tumor model or knockout of mouse stromal Hyal-1 expression 
did not change HA oligosaccharide concentration in the tumor (Schmaus and Sleeman, 2015). 
Although increased Hyal-1 expression may have been linked to increased lung metastasis 
formation, surprisingly HA-oligosaccharide concentrations did not change. Of the two Hyal 
enzymes, Hyal-1 is the one that finally degrades HA-fragments into the smallest oligosaccharides. 
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Although the previously shown HA-staining of tumors appeared to be HA negative, small HA-
oligosaccharides might have been missed, since small HA fragments might have insufficient 
binding sites for HABPs to be detected by fluorescence microscopy. With that in mind the amount 
of HA-oligosaccharides <10 kDa were measured in healthy and tumor-related skin as well as in 
the tumor interstitial fluid (TIF) itself. 
The investigation of hard-to-detect HA-fragments was conducted analogously to Schmauß et 
al. (Schmaus et al., 2014; Schmaus and Sleeman, 2015). B16F10 tumors were analyzed accordingly 
to see whether there was a change of HA-oligosaccharides in tumors of Low-HA mice. By utilizing 
a competitive HA-ELISA10 it was possible to detect HA-fragments down to a size of >6.4 kDa. The 
kits previously used11 for skin HA determination required two binding sites for HABPs, which 
made them less precise. These kits were only able to detect 66 kDa but not 6.4 kDa HA (Haserodt, 
Metin and Dweik, 2011). Nevertheless, competitive HA-ELISA also detects HMW-HA in the sample. 
Therefore, an additional step was introduced to isolate only LMW-HA by removing HA molecules 
larger than 10 kDa (respectively 25 disaccharide-repeats) by using a molecular sieve. The TIF was 
collected, filtered, and its amount of ≤10 kDa HA (≤25 disaccharides) was determined. These 
results were also compared to overall HA (all sizes) concentrations measured in the same samples 
but before sieving. 
TIF from three tumors of each group showed overall HA-concentrations of 0.217 ng/mgtumor 
for High-HA and 0.129 ng/mgtumor for Low-HA samples (Figure 32A). It must be mentioned that 
these values were not comparable to the skin’s overall HA values, since the tumor tissue was not 
lysed as were the skin samples. Hence, the observed strong difference in overall HA of TIF to 
overall HA of skin samples might not only resulted from the low capability of MM cells to produce 
HA but also from retention of HA by intact MM cells in the solid, filtered tumor mass (peri- or 
intracellular HA). 
In the case of ≤10 kDa HA, it was approximately 100-fold lower than the overall HA-
concentrations. The TIF showed 0.0005 ng/mgtumor in High-HA and 0.0009 ng/mgtumor in Low-HA 
samples. A significant difference of ≤10 kDa HA in TIF between High- and Low-HA mice was not 
found (Figure 32A). As IF-microscopy of HA in tumor samples showed, the tumor interstitium did 
not appear to contain any substantial amount of HMW- or LMW-HA. 
Skin lysates from healthy- and tumor-related skin were similarly investigated for ≤10 kDa HA. 
The difference was that the interstitial fluid of the skin was not collected by centrifugation, but the 
skin was lysed as in preparation for the HA-concentration measurement by standard HA-ELISA. 
 
10 Echelon Biosciences: K-1200 
11 TECOmedical Group: TE 1017-2;  R&D Systems: DY3614-05;  Corgenix: 029-001 
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These samples were processed with the same molecular-weight-cut-off filter for ≤10 kDa HA as 
the TIF samples. In healthy skin, ≤10 kDa HA-concentrations in both High- and Low-HA mice were 
at 1.7 to 5.4 ng/mgskin which was also approximately 100-times less than overall HA values of 48 to 
404 ng/mgskin. The HA-downregulation, clearly visible in overall HA values, was not reflected in 
≤10 kDa HA species (Figure 32B).  
Three HA samples (lysed skin) from each healthy- and tumor-related skin shown were also 
filtered through the molecular sieve for comparison of the HA-oligosaccharide concentration. 
Interestingly, the amount of ≤10 kDa HA was much higher in tumor-related than in healthy skin 
(compare “≤10 kDa HA” from Figure 32B to both C and D). The measurement in B16F10-related 
skin had a generally higher variation compared to B78D14-related tumors, but for both, ≤10 kDa 
HA-concentrations ranged from 14-218 ng/mgskin (taken together values from High- and Low-HA 
samples). The amount of overall HA was a little lower than in healthy skin as expected (Figure 32C 
and D, compare “Overall HA” to “≤10 kDa HA”). 
Taken together, HA-oligosaccharides as well as HMW-HA were detected at minute 
concentrations within the tumor stroma. But the investigation of ≤10 kDa HA led to the discovery 





Figure 32:HA oligosaccharides in tumor and skin 
≤10 kDa HA and overall HA-concentrations of TIF, healthy skin, and tumor-related skin were determined. A molecular-cut-off 
filter was used to isolate <10 kDa HA molecules from HA extractions. The portion of <10 kDa HA was calculated for the same 
volume as overall HA. (A) ≤10 kDa HA and overall HA in B16F10 TIF of High- and Low-HA mice were compared. (B) 10 kDa HA 
and overall HA in healthy skin of High- and Low-HA mice were compared. (C) 10 kDa HA and overall HA in B16F10 tumor-
related skin of High- and Low-HA mice were compared. (D) 10 kDa HA and overall HA in B78D14 tumor-proximal skin of High- 
and Low-HA mice were compared. Each dot represents an individual mouse. 
 
4.3.5 Metastasis formation 
4.3.5.1 Lymph node metastases 
Primary tumor growth is the first critical parameter to classify tumor progression. Another 
critically discussed parameter also used in the clinical classification of malignant melanoma is the 
examination of sentinel lymph nodes biopsies (SLNB) for tumor cells. It used to be assumed that 
removal of regional lymph nodes at the site of the tumor, called completion lymph node dissection 
(CLND), would increase the survival rate after primary tumor removal. However, recent studies 
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showed identical survival rates for tumor patients without infected SLNB (no CLND) and tumor 
patients with infected SLNB with subsequent CLND (Faries et al., 2017). Nevertheless, SLNB is still 
conducted to identify the stage of tumor progression. These new findings highlight the importance 
of preventing tumor cell dissociation from the solid tumor since the dissection of the primary 
tumor or infected organs does not prevent recurrence and further metastasis.  
In the presented mouse model, inguinal lymph nodes (LN) were obtained in parallel to the 
primary B16F10 and B78D14 tumors as an indicator of disease progression. Since B16F10 cells 
were black, the LN could be visually evaluated for black dots as indicators of metastases (Figure 
33A). Compared was the occurrence of LN metastasis between the High- and Low-HA groups. For 
both, the rate of metastasis was similar, between one-fourth and one-third of the mice showed LN 
metastases (Figure 33B). Additionally, the mRNA expression of melanin specific markers Tyrp1 
was measured in LN by RT-qPCR to find invisible metastases within the lymph node. Counted 
B16F10 cells that do express Tyrp1 were lysed and used as the standard for this RT-qPCR. The 
resulting Tyrp1 values in the LN represent approximately the amount of apparent B16F10 cells 
(Figure 33C). Out of 35 analyzed lymph nodes, 11 lymph nodes showed visual metastases. Within 
those, only two samples did not show strikingly high Tyrp1 mRNA expression. Of the 24 samples 
without visual indication of metastases, only three showed minor expression of Tyrp1 mRNA. It 
was noted that Tyrp1 mRNA expression correlated with the visual findings. Visually undiscovered, 
advanced metastases within the LN were not confirmed through Tyrp1 gene expression 
measurement. 
B78D14 cells are colorless, thus it was impossible to visually find metastases in LN, which are 
also colorless. Instead, B78D14 cells were transfected with GFP to trace the cells after inoculation. 
However, evaluation of the GFP gene expression from tumor cells extracted from primary tumors 
revealed that the GFP expression – although stable in cell culture – was lost during tumor growth 
in vivo. Thus, the missing GFP signal in LN did not surely indicate the absence of B78D14 cells. 
The rate of LN-metastasis was determined for B16F10 but showed no difference between 
High- and Low-HA groups. For B78D14 tumors either no LN-metastases occurred, or the cells 





Figure 33: Sentinel lymph node metastasis 
(A) B16F10 metastasis in inguinal lymph node after ID injection of tumor cells in the back. Bar=1mm. (B) High- and Low-HA 
mice count with B16F10 metastasis formation in either of the inguinal lymph nodes. 
 
4.3.5.2 Lung metastases 
For the orthotopic B16F10 mouse tumor model, 9 days of tumor growth were too short to 
establish lung metastases. Therefore, tumor cells were IV injected into the tail vein. After sacrifice, 
visible metastases on the lung (Figure 34A) were counted and correlated to the individual lung’s 
HA-concentration. Interestingly, the lung’s HA-concentration was unexpectedly low. The 
metastasis count did not show any correlation to the HA-concentration (Figure 34B). 
Unfortunately, by the time of this experiment, the knockdown efficiency of HA began to worsen 
and only three mice out of fourteen showed Low-HA characteristics. Of those three, none showed 
high numbers of metastases (Figure 34C). Instead, large numbers of lung metastases were only 
found in High-HA mice, but with a large variance within this group. When comparing the lung’s to 





Figure 34: Lung metastasis 
(A) B16F10 metastasis in lung tissue after IV injection of tumor cells in the tail vein. Bar=1mm. (B) Lung metastases count 
correlated to lung HA-concentration, given as HA-weight per lung-(wet)-weight. 
 
Metastasis formation neither in LN nor lung showed a correlation to the apparent HA-
concentration. The lung tissue itself showed only a low concentration of HA with even fewer 
differences between Low- and High-HA mice. Also, the lung’s HA-concentrations did not correlate 
to the skin’s HA-concentration, indicating different HA knockdown efficacies between those 
tissues. For the evaluation of lung metastasis formation, the presented experiment showed not 






The goal of this work was to establish an in vivo Has2-knockout model and use it to investigate 
the mechanistical impact of (HMW-)HA on MM progression. Upon knockout induction by 4OHT, 
Has2 was partially deleted and hence HA synthesis largely abrogated. Despite the low 
incorporation of HA in the skin, no major change in the resting phenotype of the mice could be 
observed. Exploratory experiments revealed a potential reduction of skin permeability due to 
changes in the development of the cornified envelope. This hypothesis requires further 
experiments to be qualified, which would go beyond the scope of this work. 
Syngeneic MM cells were orthotopically inoculated into the dermis or intravenously into the 
tail vein. The primary tumor growth (rate), vascularization, proliferation, migration, and 
metastasis were investigated at the primary tumor size endpoint. Eventually, minor correlations 
between HA-concentration and tumor readouts were. The obtained data revealed critical flaws of 
the mouse model and tumor injection routes for investigation of the tumor-stroma interaction. 
Nevertheless, the presented results do also support the current understanding of HA’s physiology. 
In this regard, especially the knockdown of HA synthesis in mice can be used to further address 
age-related questions for example. 
5.1 HA KNOCKDOWN 
The measurements of the glycosaminoglycan HA clearly showed a strikingly reduced 
deposition in the skin. Mice treated according to the established protocol as well as exploratory 
treatments with shorter and longer exposure to 4OHT showed, that the average deposition of HA 
is significantly reduced by ~70%. Further analysis by IF-microscopy and HA-electrophoresis 
supported the HA-ELISA measurements. However, the latter method revealed that the remaining 
~30% visually appeared to comprise high amounts of HMW-HA. It was initially assumed that 
abrogation of Has2 synthesis would lead to nearly complete loss of HMW-HA. 
Further data concerning protein and gene expression of Has2, as well as its gene locus, 
delivered one explanation: In skin and isolated fibroblasts themselves, the targeted exon 2 in 
Has2fl/fl was not completely deleted. The Has2-exon2 gene locus was indeed floxed as the 
investigation by DNA sequencing of the PCR products showed (KOMP Repository: Targeting 
project CSD46824, allele name Has2tm2a(KOMP)Mbp). The CreERT2 was also expressed since deletion 
partially occurred. Hence, the translocation of CreERT2 was possible. Only the rates of CreERT2 
expression, translocation into the nucleus, and DNA excision remained unknown. Ultimately, an 
unexpectedly high amount of Has2-exon2 mRNA was detected in the presumed knockout mice. 
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Attempts to quantify Has2 expression in the skin by Western blot also suggest a Has2-knockdown 
rather than a Has2-knockout. 
However, in vitro 4OHT-induced fibroblasts showed a stronger downregulation of Has2-exon2 
albeit also being an incomplete knockout. As mentioned, longer exposition to 4OHT in mice did 
not change the efficacy of the knockdown. Thus, different cell types, which could have been less 
affected by 4OHT induction, might have additionally contributed to Has2 gene expression in live 
tissue. It is known, that the UbC-promoter’s activity may vary depending on the cell/tissue type 
(Vooijs, Jonkers and Berns, 2001; Qin et al., 2010), leading to reduced availability of CreERT2 and 
consequently lesser deletion capability between different cell types.  
Another explanation could be that in the skin, diverse differentiation, cell-age, or senescent 
statuses (Criscione, Teo and Neretti, 2016) might have spatially obstructed the Cre-recombination 
at the targeted site. Those cells might have had a highly condensed Has2-exon2 DNA locus, which 
prohibited the Cre recombinase to form a DNA-loop and cut properly (Lodish, Berk and Zipursky, 
2000). Cultured cells instead were expected to be more homogeneous in this respect. 
In addition to the remaining Has2 expression, the skin already contained incorporated HA 
prior to 4OHT induction, which might not have been degraded by the time of analysis. The half-
time of HA in blood was determined to be 2.5-4.5 minutes12, but epidermal turnover time was 
estimated to be 24-48 hours for skin HA (Fraser et al., 1981; Stern, 2003). However, these values 
did not consider post-translational (extracellular) modification of HA, which might stabilize the 
HA-molecules and protect them from degradation and turnover, thus persisting longer in the skin. 
In fibroblast culture, the HA concentration in Has2-ko-fibroblast supernatant was relatively high 
compared to the strong downregulation of Has2 gene expression in vitro. Here, HA synthesized by 
remaining Has2 expression could have accumulated in the supernatant after the last sub-
cultivation (48 hours), presumably due to the absence of other cell types with HA-degrading roles. 
Expression of the other HA-synthases, Has1 and Has3, remained constant upon 4OHT-
induction in both in vivo and in vitro models. But their mRNA levels were 100-times lower than 
Has2’s and thus a quantitative compensation of the Has2-knockdown might be excluded. 
However, an upregulation of enzyme activity was not investigated, which could also lead to higher 
HA production by the isoenzymes. Nevertheless, they still contribute to their physiological 
amount of HA for the skin. Not to be underestimated, they could still upregulate HA production in 
pathological conditions, like skin inflammation (Homann et al., 2018). As a follow up to this work, 
a constitutive Has1/3-knockout mouse is currently crossed with the presented Has2-inducible 
 
12 Determined by hit and trace with labeled HA in rabbits. 
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knockout, which would answer the question, whether Has1 or 3 contributed to the remaining 30% 
HA in the skin. However, these mice were not available for this work. 
To conclude the Has2 knockout induction, HMW-HA deposition in the skin of Has2-
knockdown mice was significantly reduced. Since HMW-HA was a decisive parameter for the 
tumor experiments, a critical impact on the tumor experiments was expected, despite the amount 
of remaining HMW-HA. 
 
5.2 HA KNOCKDOWN PHENOTYPE 
Direct binding of HA on tumor cells can trigger tumorigenic signaling (Fieber et al., 2004; 
Voelcker et al., 2008; Vigetti et al., 2014). But, since HA is also an abundant component of the skin, 
the physiological modification of its ECM by HA-knockdown may also play a critical role in MM 
cell behavior.  
The investigated physiological parameters of the skin were each investigated with single 
methods and had only smaller sample numbers. Therefore, interpretation of the results was 
carried out with caution.  
5.2.1 Skin stiffness 
HA with its water retention capability is thought to provide a soft environment in the ECM in 
contrast to the collagen fibers, which gain their elasticity through the meshed structure of 
interacting collagen fibers (Berg, Tymoczko and Stryer, 2007). The AFM measurements of dermis’ 
cross-sections were meant to uncover changes in indentation forces and hence changes in the 
stiffness of the tissue. Albeit the increased stiff measurement values in High-HA mice, it did not 
significantly change the mean stiffness compared to Low-HA mice. But it hinted at a potential effect 
of HA knockdown on skin elasticity. However, this would mean that more HA contributes towards 
stiffness of the dermis, rather than making it more elastic. Hypothetical, high water saturation in 
the skin could swell the tissue making it harder to compress. But further data from different 
methods would be required to support this hypothesis. A macroscopic rupture test could provide 
further clarification for example. If the change in stiffness proves to be valid, an investigation of 
elastin and collagen should be carried out to see whether HA knockdown has a direct impact or 
rather changed the composition of elastic elements of the skin.  
New results in the lab proposed a compensatory mechanism by collagen. Collagen 
concentrations were measured by colorimetric hydroxyproline (exclusive amino acid of the 
collagen protein) assay after enzymatic degradation of collagen. Higher collagen concentrations 
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were measured in Has2-ko mice compared to control (personal communication with Tom 
Wippold, data not shown). EM microscopy also showed that cavities that probably used to contain 
HA were missing in Has2-ko samples. Instead, collagen-fiber count and diameter appeared to be 
increased. It was assumed that collagen expression would increase to fill the gaps of missing HA. 
And, higher fractions of collagen in the skin is also found in scleroderma or stiff skin syndrome, 
where increased collagen formation led to stiffer skin (Guiducci et al., 2009). This increase of skin 
stiffness was not ultimately proven here, but the preliminary data might suggest decreased 
stiffness while increased collagen incorporation due to HA-knockdown. So far, a plausible 
explanation for a potential “reduced-stiffness effect” in Has2-ko skin was not found. 
5.2.2 Skin water homeostasis 
Using Franz cell diffusion chambers, results suggested a potentially lowered permeability of 
Has2-ko skin. This hypothesis is based on the paired tests between Ctrl and Has2-ko samples since 
the absolute values were not comparable between experiments. The test parameters like 
humidity and temperature were kept as identical as possible by conducting the Franz cell diffusion 
in an air-conditioned-controlled room at 37 °C. But, the reason for inter-experiment variations 
might have been that available mice had different ages when their samples were subjected to the 
test, with lower diffusion values in older mice. Nevertheless, the paired samples (same age and 
experiment) always showed a lower permeability in Has2-ko mice. 
The early hypothesis was that if skin hydration would have been decreased by HA-
knockdown, it might have had physically obstructed fluorescein diffusion through the skin. 
Although HA is highly involved in water homeostasis, the knockdown showed no change in skin 
hydration and TEWL. As mentioned, the applied devices were designed for human skin and might 
have diminished the results. Skin and tumor cross-sections also showed that the murine 
epidermis was only comprised of 1-2 cell layers, strikingly thinner than the human counterpart. 
The thinner epidermis was assumed to affect the Corneometer™ measurements. The values from 
the mice were generally lower than the human values. But even if the measurements were more 
reliable, the remaining HMW-HA in knockdown mice might still have been sufficient to keep the 
water homeostasis in mouse skin. 
A DNA-microarray analysis of Has2-ko skin was thought to provide more insight into the 
decreased permeability. The exclusion of data from gender-derived variances was necessary to 
conduct a plausible analysis of the data, but also could have omitted changes, which could be found 
by comparing female and male separately. Unfortunately, this was not possible because some 
groups would have been too small for analysis. Nevertheless, an increased gene expression of 
small-proline-rich (Sprr) protein 2a3 in Has2-ko samples was found in the microarray. The 
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Sprr2a3 enzyme is usually expressed as a precursor to the cornified envelope (CE). The Sprrs are 
added to involucrin- and envoplakin-scaffolds near the desmosomes (Cabral et al., 2001) and 
therefore were chosen for closer investigation. A negative correlation of HA to epidermal 
differentiation in mice has already been published by Kim et al. They showed that extracellular 
HA inhibited Sprr2 expression in mast cells (Kim et al., 2008). Our findings may support their 
results since Has2-ko skin samples had a strongly reduced HA expression. The loss of HA might 
have negated the inhibition of Sprr2a3 in the skin, leading to an upregulation of the latter. Stronger 
formation of the CE could increase the barrier function of the skin thus providing a hypothesis for 
the decreased permeability upon HA-knockdown. A follow-up qPCR of Sprr2a3 was conducted to 
validate the microarray data but provided less significant results depending on the measurement 
of whole skin, epidermis, or dermis. Further data, especially on other CE related genes and protein 
levels of Sprr2 are required for further clarification. Additional observations in our lab revealed 
an unorganized epidermis in Has2-ko mice (personal communication with Tom Wippold, data not 
shown). Instead of the typical keratinocyte monolayer, they showed a bulky bilayer of those cells. 
These preliminary findings could support the hypothesis that CE and epidermal development are 
indeed affected by the knockdown. 
Finally, the above-mentioned increased incorporation of collagen instead of HA in the dermis 
could have also physically decreased the skin’s permeability for fluorescein. 
Regarding the tumor experiments, the presumed physiological changes appeared to be too 
minute. Thus, correlating the tumor readouts against HA concentrations were chosen to be more 
promising, than taking the physiological parameters. Additionally, further and more precise 
methods would have been required to produce a more reliable interpretation. 
 
5.3 PARACRINE INTERACTIONS BETWEEN MM AND FIBROBLASTS 
Godden et al. and Willenberg et al. provided first in vitro data of a regulatory network between 
MM cells and stromal fibroblasts (Godden, Edward and MacKie, 1999; Edward, 2001; Pasonen-
Seppänen et al., 2012; Willenberg et al., 2012). Human MM cell lines Bro and HT144 did not 
produce HA by themselves but secreted PDGF-AA and PDGF-CC to stimulate HAS2 expression in 
fibroblast culture via PDGFR-α. This in turn elevated fibroblast-derived HA production. HAS2-
silenced fibroblasts showed impaired HA production and CM from HAS2-silenced fibroblasts lost 
the capability to increase MM cell proliferation (Willenberg et al., 2012). 
To back up the need the presented animal study, it was tested whether the in vitro data with 
human cells can be reproduced with mouse cells. Although these experiments were not 
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extensively repeated to gain statistical validity, they indicated that there is similar crosstalk 
between B16F10 malignant melanoma cells and mouse fibroblasts. This data motivated us to 
perform the in vivo studies with Has2-ko mice. In detail, this preliminary data proposed that 
B16F10 cells were probably more sensitive to HA than B78D14 cells, as could be seen in the 
conditioned media experiments. Appropriately, B78D14’s supernatant did not induce HA 
production in fibroblast as B16F10’s did. Albeit this preliminary finding, also B78D14 cells were 
ID injected into High-HA and Low-HA mice. For IV injection into the tail vein, only B16F10 were 
chosen, as they were easier to spot as lung metastases. And judging from their proliferative 
capacity, they were expected to generate detectable metastases faster. 
 
5.4 HA THRESHOLDING 
The high variance of skin’s HA concentrations – within both Has-ko and Ctrl groups – allowed 
correlation of any tumor parameters to a specific HA concentration. Correlations between tumor 
progression and the HA concentration were expected to be found. Nevertheless, group 
comparison of Ctrl mice to Has2-ko mice was still necessary, which led to the establishment of the 
new grouping: The ethical goal in the new High- and Low-HA grouping was to also include Has2-
ko mice with no apparent HA-knockdown. This circumvented excluding them and thus sacrificing 
individuals without yield. In the end, 16 mice were reassigned. Unfortunately, due to inaccurate 
tumor cell injection, only 3 of those mice were evaluated in the analysis of tumor experiments. 
The new grouping did push p-values of the comparisons slightly down, but it did not drastically 
change the significance of the results (compared to Ctrl and Has2-ko groups). 
 
5.5 TUMOR READOUTS 
The tumor volume was the primary parameter in this investigation of ID injected tumors. 
Although volume determination by imaging techniques are presumed to be more accurate, they 
are also more expensive and elaborative and were not available in the animal facility. Kersemans 
et al. calculated that the commonly used measurements with the caliper resulted in similar and 
correlating values compared to the more precise MRI methods (Kersemans et al., 2013). 
Nevertheless, neither B16F10 nor B78D14 tumors showed significant differences in tumor 




In contrast, gene expression in B16F10 tumors samples showed a significant decrease in 
proliferation marker Ki67 at the endpoint. But this result is accompanied by some open questions. 
First, in addition to the tumor mass, a minor fraction of the sample consisted of adjacent skin, 
which could not be excluded during sample preparation of B16F10 tumors. The RNA analysis of 
B16F10 tumor samples was potentially flawed. However, separate investigation of tumor-
adjacent skin showed no differences in Ki67 gene expression (not shown). Thus, Ki67 gene 
expression of B16F10 tumors should not have been affected by the attached skin. 
Second, the whole B16F10 tumor mass was investigated, although histology often showed a 
nuclei-free tumor core. Accordingly, most of the Ki67 staining (not shown) was detected in the 
outer regions of the tumor mass. This supported the thought that tumor cells and proliferation 
thereof were restricted to the margins whereas the inner regions of the tumor bulb consist of 
necrotic tissue. Since the complete tumor was either used for RNA analysis or histology, one 
cannot tell whether the differences in Ki67 mRNA expression could have correlated to necrosis. 
Tumors at the endpoint grew so large, that the core was not sufficiently supplied by vessels. This 
was underlined by findings where tumors were unintendedly inoculated into the subcutaneous 
fat tissue. There, B16F10 tumors did not show nuclei-free cores in examined samples (not shown). 
Third, in an exploratory experiment, where B16F10 were already investigated after 5 instead 
of 9 days of growth, no changes in Ki67 gene expression was found (not shown). If true, this would 
mean no impact of HA-knockdown during tumor growth, but it remains unclear, whether tumors 
started to diverge at the endpoint.  
And last but most important, histology always showed a strict encapsulation of the tumor 
mass in B16F10 (and also in B78D14). The expected infiltration of the tumor mass by stromal 
septs shown in Willenberg et al. or appearance of dermal inclusion compartments, as often seen 
in human nodular MM (see Figure 35) was not detected at all. Together with the TIF results, which 
showed marginally low HA concentrations within the tumor, the only interaction of tumor cells 
with stromal HA was assumed at the tumor-dermis interface. Hence, amongst all tumor cells, only 
a minor fraction appeared to be exposed to different HA concentrations in the treatment groups 




Figure 35: Human nodular melanoma13 
A human nodular melanoma with stromal inclusions (green arrows).  
 
In addition to the low tumor-stroma interaction, HA-concentrations in the tumor-proximity 
appeared to be lower, than in healthy skin. This was completely unexpected since one of the 
assumptions of this work was the capability of MM cells to induce HA production in stromal 
fibroblasts. The tumor-adjacent skin contained immune cell infiltrates. HA degradation by those 
cells or by the tumor cells themselves might have been the cause for reduced HA at the tumor. And 
indeed, HA-oligosaccharide determination showed overall 10-times higher concentration of 
≤10 kDa HA closer to the tumor than in healthy skin (both High- and Low-HA mice). A greater 
portion of HMW-HA amount in tumor-proximal skin might have been degraded to HA-
oligosaccharides, which could not have been detected by the usual HA-ELISA. Nevertheless, it was 
thought that Low-HA mice would have fewer HA-oligosaccharides since there was not as much 
HMW-HA available for the enzymes to degrade than in High-HA mice. However, the values 
suggested that there was no difference in HA-oligosaccharide concentration between those 
groups. The reason for the higher HA-turnover at the tumor is still unknown. Differential Hyal1/2 
expression closer to the tumor was thought to be a cause for increased degradation, but Hyal1/2 
gene expression in tumor and tumor-proximal skin was found to be on the same level as healthy 
skin (not shown). Also, gene expression of Cemip and Tmem2, the more recently discovered HA 
 
13 Image taken from (Willenberg et al., 2012) 
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degrading enzymes, were also found indifferent in B78D14 (not shown). B16F10 tumors were not 
analyzed in this regard but were expected to be similar.  
ROS are commonly found in tumors and they are known to degrade HMW-HA into fragments. 
Malignant melanoma does not elevate ROS production throughout melanoma development, 
melanoma cell metabolism, immune response towards melanoma, melanin biosynthesis, and 
melanoma metastasis (Wittgen and van Kempen, 2007). Thus, the effects of Has2-knockdown on 
ROS production were neglected in this work. The experimental tumors shown here were not 
investigated regarding ROS production and concentration.  
All in all, this data and presumable homogenous ROS production would fall in line with the 
observed indifferent tumor volume and also in line with results from Schmauß and Sleeman, 
where they also found no correlation between the amount of HA-oligosaccharides and tumor 
progression (Schmaus and Sleeman, 2015). 
In the case of the B78D14 tumors, the significant reduction in tumor weight upon Has2 
knockdown did not correlate with the tumor volume or Ki67 expression either. This posed the 
question, how the tumor mass could be heavier without increased proliferation and change in 
tumor volume. So far, data for a plausible explanation are missing. With these results, only an 
increase in tumor mass density could be possible but was not confirmed so far. Also, Low-HA-mice 
tumors might have had a higher rate of apoptosis or senescence, which were not tested in this 
work. The microscopic observations of B78D14 tumors did not indicate any differences in tumor 
cell size or necrotic tumor core. It might also be conceivable, that tumor volume and Ki67 gene 
expression measurements were not accurate enough to reveal minor differences which led to 
decreased tumor progression. 
 
5.6 IN VITRO ECM MODELS 
Together with Dr. Jiranuwat Sapudom from the department for Biophysical Chemistry at the 
University of Leipzig (chair: Prof. Dr. Tilo Pompe), we established three in vitro ECM models as 
alternative models for the investigation of HA concentrations on MM cell behavior. In the first 
model, a 2-dimensional (2D) ECM was provided by Has2-ko and Ctrl fibroblasts. The height of the 
ECM did not exceed 10 µm and hence was not qualified as a 3D-model. In the second model, those 
fibroblasts were embedded in collagen first before producing their ECM components, increasing 
the height to a 3D model. The major feature of the third, fully artificial 3D model was the 
incorporation of specific concentrations and molecular sizes of HA. Both presented MM cell lines 
were tested but B16F10 did not attach on the 3D models, hence only B78D14 was thoroughly 
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investigated. The results were published in the journal of the Royal Society of Chemistry 
(Sapudom and Nguyen et al., 2020).  
Briefly, during our in vitro studies, HA was incorporated into an ECM-like structure with tumor 
cells subsequently cultivated on top. In all in vitro ECM models, the concentration of HMW-HA did 
not affect MM cell growth, which underlines the results generated in mice. There, reduced 
production of HMW-HA had no impact on MM progression. But it also contradicted the results of 
the in vitro experiments with soluble HA, where HMW-HA appeared to play a crucial role for MM 
cell proliferation (Goebeler et al., 1996; Ahrens et al., 2001; Willenberg et al., 2012). This 
highlights the importance of accurate test models, where physiological properties are mimicked 
as good as possible. It is already known, that 3D cultures revealed several different regulation 
effects than 2D cultures in which cells tend to be in an activated state (Rayahin et al., 2015; Riedl 
et al., 2017).  
Several publications concerning the physiology of HA pointed out, that the size of the polymer 
is a critical factor for angiogenesis and inflammation (Fuchs et al., 2013; Rayahin et al., 2015; Passi 
et al., 2019). HMW-HA is degraded to LMW-HA by ROS or hyaluronidases, which then has different 
signaling effects than HMW-HA. In our published work (Sapudom and Nguyen et al., 2020) bovine 
HYAL1 was used to degrade HMW-HA in the two models with fibroblast-derived HA. As 
mentioned, HYAL1 degrades HA down to disaccharides by hydration of beta-1,4-glycosidic bonds 
(Stern, 2003). In the one model with artificially incorporated HA, specific concentrations of 1170 
or 34 kDa HA were used. The 34 kDa-HA used in the biomimetic models is comprised of 
approximately 75 disaccharides. In all three models, the HYAL1-fragmented or 34 kDa HA showed 
proliferative and invasive effects on B78D14 cells. This shows, that not only fully degraded HA has 
activating effects, but also larger HA-molecules. This publication shows that the threshold for that 
lies at or above 34 kDa. Not only proliferation was increased, but also the invasion rate and depth 
of B78D14 cells were significantly enhanced. These effects were also shown to be concentration-
dependent as more 34 kDa HA increased the effects and more 1170 kDa inhibited them stronger. 
It has been reported that HMW-HA with its large secondary structure can keep several CD44 
receptors in a spatial lock. CD44 clustering had an inhibitory effect on pathways such as 
proliferation and migration. Then, HMW-HA would exert a homeostatic signaling, which would 
make sense because HA is an abundant glycopolymer in connective tissues. Only when HMW-HA 
is degraded into smaller fragments (a.k.a. sHA, LMW-HA, or oligo-HA), the CD44 clustering is 
disrupted and inhibitory functions are lifted (Yang et al., 2012). This could be a potential 
explanation that the HMW-HA induced homeostatic signaling on the MM cells, in mice, and in the 
3D ECM models. There, degradation or absence of HMW-HA made it possible for LMW-HA 
fragments to induce proliferation and invasion in MM cells. In the case of the presented in vivo 
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model in mice, HMW-HA was never fully depleted, which could have kept the homeostatic 
signaling on MM cells up. Hence, an increase exposition to LMW-HA (<10 kDa) at the tumor border 
could not have an activating effect on the tumor cells.  
 
5.7 METASTASIS 
Investigation of metastasis at physiological conditions – despite promising advances in 3D 
culture techniques – are largely exclusive to in vivo models. Dissociation from the primary tumor 
is the first step in metastasis formation. Throughout this work, the actual dissemination was not 
detected at the primary tumor border. Also, RNA-analysis of tumor-associated skin never revealed 
an increased amount of tumor markers, which would hint at a lateral dispersion of cells from the 
primary tumor. Rather, tumors tended to grow into the subcutaneous tissue above the panniculus 
carnosum, where tumors reached a higher vessel density. Tumors unintendedly injected below 
the panniculus carnosum showed higher rate of necrosis in the core of the tumor (not shown), 
which could occur due to a lack of nutritional support in the center without blood vessels.  
According to discussions with Dr. Evelyn Gaffal (Medical Faculty, Otto-von-Guericke-
Universität Magdeburg), the experimental murine B16 MM models also tend to grow towards the 
epidermis. Here, macroscopically observed tumors appear to grow outwards too. At a microscopic 
scale, it was visible that tumor cells generally did not infiltrate the dermis, but rather pushed the 
dermis upwards while expanding spherically. In any case, this would not reflect the human nature 
of MM, where plastic growth  often advances unnoticed, since the tumor cells grow inwards from 
the epidermis to the dermis. The Injection of an artificially high amount of tumor cells into the 
dermis is probably a major cause for the deviating experimental tumor pathogenesis. 
As primary tumor growth was mostly similar between High- and Low-HA mice, so was also the 
metastasis rate in the sentinel lymph nodes. Lymph node metastasis rate of ID injected mice did 
not differ between High- and Low-HA groups. 
Although B16F10 has proven to be highly aggressive with a strong potential to form 
metastases (Schubert et al., 2013; Dai et al., 2017; Kubo et al., 2017), the presented work showed 
lower metastasis rates than expected of ID injected B16F10. Observations indicated that the 
B16F10 tumors tended to disrupt the skin first, forming an ulcer (carcinomatosum), before 
spreading to the LN. After ulcer formation, the occurrence of tumor cells in the vascular system 
could come from physical disruption of the skin rather than the intravasation of intact blood or 
lymph vessels. Hence, mice with disrupted tumors were not applicable for evaluation. Instead, 
they had to be sacrificed due to the termination criteria of the experimental guidelines. 
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In vitro experiments in the 3D models suggested that increased LMW-HA-concentration 
enhanced the invasion rate of MM cell. Here, the tumor-related skin showed increased 
concentrations of LMW-HA compared to healthy skin. However, when comparing High- and Low-
HA mice, LMW-HA-concentrations in the tumor-related skin were found to be equally elevated. 
Thus, an LMW-HA concentration-specific impact on tumor growth could not be investigated in 
vivo. Hypothetically, it could have been possible with a LMW-HA negative control, but such a 
model was not established in this work. Additionally, the presence of approximately 30% residual 
HA in the skin might have inhibited any activating effects of LMW-HA.  
Another reason, why the HA-knockdown did not show an impact on metastasis formation, 
might be that the aggressive B16F10 cell line was already activated to a point that LMW-HA-
concentration did not change the cell behavior anymore. In the case of ID injected B78D14 cells, it 
was assumed that their moderate characteristics did not lead to LN metastases formation in the 
investigated period. But the applied methods were insufficient to exclude LN metastases with 
certainty. 
Blood and lymph vessel walls have been described to have a HA layer on the luminal side 
(Kiene et al., 2016; Fischer, 2019; Jackson, 2019). This HA layer may critically contribute to the 
intra- and extravasation of cells. Here, it was not shown in which way the HA-lining of 
microvessels was affected by the Has2/HA knockdown, but a presumably reduced HA-coat might 
have influenced extravasation of MM cells from the blood vessel into the lung in two ways:  
(i) Reduced HA on the endothelium may diminish CD44-mediated docking and extravasation 
of the tumor cells.  
(ii) Reduced HA on the endothelium on the other hand might provide easier access of the 
tumor cells to the cell-cell-junctions between the endothelial cells thus enabling better 
extravasation.  
However, the data showed no impact of the HA knockdown on tumor metastasis by 
inoculation via the tail vein. Furthermore, the lung itself had a very low HA-expression 
(10 ng/mglung wet weight), which falls in line with reported rabbit lung HA-concentration of 
2.5 ng/mglung wet weight (Armstrong and Bell, 2002). The already low concentration of lung HA 
also did not differ between High- and Low-HA mice, making this model unsuitable for the question 
at hand. In this light, it did not surprise that the metastasis rate did not change either.  
In summary, the presented data in regard to metastasis was insufficient to generate a qualified 
answer to whether the stromal-HA knockdown did affect metastasis of MM. 
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5.8 ALTERNATIVE TUMOR MODELS WITH STRONGER STROMAL INTERACTION 
This study was limited to the Has2-knockdown. For a full picture of HA physiology, a full 
knockout of all hyaluronan-synthases might offer deeper insights. Mouse models with Hyal1-
knockout do exist and additionally a hyaluronidase knock-in or -overexpression could give more 
information on HA degradation in healthy and malignant settings.  
The syngeneic tumor models presented in this work were ID orthotopic injection and IV 
injection in the tail-vein. The first had its advantage of a closer resemblance to the physiological 
origin of MM than the widely used sub-cutaneous injection of tumor cells. High MM cell numbers 
guaranteed fast primary-tumor development. The second inoculation route guaranteed 
circulating tumor cells in the blood system and distant metastasis formation in the lung. Both 
methods had the drawback of unnaturally quick and high exposure to MM cells. In the skin, natural 
MM eventually reach similar values as the presented tumor sizes, but for the invasion of the blood 
system, naturally metastasizing cell numbers would never reach our values.  
More time points and tumor cell concentrations might have had improved the understanding 
of the observed processes. Different tumor cell concentrations were initially tested, but for the 
most experiments a single, high-concentrated dose was chosen. Especially regarding early 
primary tumor growth, lower cell numbers would give a higher resolution of the process. 
However, the desired start with lower tumor cell number would require immune-repressed mice 
to achieve reliable tumor development. On the other hand, a dampened or lacking immune system 
would also modify the outcome of the experiments compared to the physiological situation with 
an intact immune system. Thus, all known models have severe drawbacks and should be critically 
discussed before use. 
A common method to investigate the capacity of cancer cells to arrest, extravasate, and grow 
in distant organs is the intravascular injection. In mice, tail-vein injections are known to target the 
lung microvasculature (Khanna and Hunter, 2005). A drawback of IV injection models is that they 
omit the first steps of the metastatic cascade. Also, which organ is targeted by the tumor cells 
depends highly on the chosen injection site. Furthermore, the circulating-tumor-cell load is much 
higher, than expected from spontaneous metastasis. Despite those drawbacks, IV injections have 
been instrumental in the investigation of tumor-host interactions. This interaction is especially 
important for the initial arrest of circulating tumor cells and subsequent colonization at metastatic 
sites. In this regard, the target-tissue characteristics are as important as the tumor cell 
characteristics which are highlighted in the seed-and-soil theory (Fidler, 2003).  
More realistic approaches to metastasis analysis were recently established including primary 
tumor resections. Here, the initially grown tumor is surgically removed after a set time and 
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metastasis formation at the resection site and in distant organs are monitored (Gast et al., 2017). 
The surgical removal of the primary tumor is also a clinical procedure in the treatment of human 
tumors which makes this method highly interesting. Unfortunately, it is a technically challenging 
and time-consuming procedure that could not be established for this work in time. 
Co-injection of tumor cells and fibroblasts were tested to circumvent the low tumor-stroma 
interaction. In the presented model, tumor cells had only contact with stromal HA at the outer rim 
of the tumor mass. Co-injecting tumor cells with 4OHT-treated or control fibroblasts (Has2-
ko/Ctrl) was meant to include stroma deposition in the tumor core. The co-injection was 
preliminarily tested in wild-type C57BL6 mice (ID injection) as well as in chick-chorioallantoic-
membrane (CAM) assays (data not shown). In both cases, grown tumors were comprised of tumor 
cells only at the time of analysis. No traces of the co-injected fibroblasts were found. Tumors grew 
to the same extent regardless of the presence of Ctrl- or Has2ko-fibroblasts. It was assumed, that 
B16F10 cells outgrew them, and the contribution of HA to the tumor mass was too low. 
Concludingly, a suitable in vivo model for better investigation of tumor-stroma interaction was 
required to further narrow down HA’s role in MM development. For example, physiologically 
growing melanoma-like tumors can be induced with carcinogens (e.g. DMBA) or due to genetic 
manipulation of the mice (Bald et al., 2014). Such mice would have the benefit to study early, 
intrinsic tumor development at the background of modified HA content in the skin. However, 
these models required up to 100 days until metastases can be detected and were thus not 
considered in time for the presented work. 
 
5.9 THE PRESENTED RESULTS CONSIDERING CURRENT HA-TUMOR RESEARCH 
The first step of this study was to establish an in vivo model to investigate the physiological 
role of HA in MM progression. The deletion of Has2 was assumed to deplete HA almost completely. 
Of course, the isoenzymes would still contribute a little HA, albeit not compensating for the lack 
of Has2. But with the presumed high turnover of HA in the skin, a stronger HA-knockdown than 
the 30% residual amount was expected. In the end, the incomplete deletion was probably the 
cause for a large part of the remaining HA expression. Gel electrophoresis also confirmed the 
presence of a rather high amount of HMW-HA. At least the largest HA species appeared to be 
missing after Has2-knockdown. With over two-thirds of HA missing in the skin of Has2-ko mice, 
they surprisingly showed no significant phenotype during subsequent observation. Challenging 
mice with B16F10 or B78D14 MM did not reveal any impact on the malignancy of the tumor cell 
lines. Finally, 3D in vitro models also showed, that the concentration of HMW-HA was not 
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important for B78D14 proliferation or invasion. Only the availability of LMW-HA, either through 
HYAL1 fragmentation or by intentionally adding 34 kDa HA, led to increased activity of MM cells.  
 
Figure 36: Publications regarding HA in tumors recorded in PubMed by 01.04.2020 
 
HA was discovered by Dr. Karl Meyer in 1934 and research in HA applications increased by 
the efforts of Dr. Endre A. Balasz in the 1940s. However, investigation of HA’s role in tumors 
started in the late 20th century and since then received growing attention. Early literature linked 
high (HMW-)HA presence to tumor progression. In the last decade, research methods became 
more precise and efforts were made to distinguish the molecular weight of the HA at hand 
(Cowman et al., 2015). Effects like increased inflammation and angiogenesis have then been 
specifically linked to LMW-HA. HA was regarded to have two opposing effects: HMW-HA 
abundantly available is regarded to have homeostatic effects on cells. It is believed that HMW-HA 
inhibits activating signaling by other molecules, e.g. by LMW-HA. LMW-HA instead, is generated 
upon injury or malignancy, either through hyaluronidases or by chemical degradation through 
ROS. Fragments generated from HMW-HA act as danger-associated molecular patterns (DAMP) 
and induce inflammation to the disturbed tissue.  
This work supports a differentiated view on HA and HA-sizes for (patho-)physiology. From 
the data, I suggest that reduction in HMW-HA-concentration appears to not affect the resting 
phenotype of mice or MM progression. The 3D in vitro experiments indicate that LMW-HA may 
act as the real tumor accelerator. However, LMW-HA had already shown contradicting effects. 
Injection of HA oligomers into B16F10 primary tumors led to inhibition of tumor growth (Zeng et 
al., 1998). A more recent analysis of tumor patient’s samples showed a correlation of high HA-
oligosaccharide concentration in TIF of experimental rat tumors and human colorectal tumors 
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(Schmaus et al., 2014). The role of HA and its molecular size requires further investigation with 
more reliable methods to determine HA sizes. So far, this work supports the hypothesis that HMW-





To sum up both parts, the Has2 knockdown characterization and the tumor experiments: 
Targeting Has2 expression with the inducible Cre-loxP system caused a loss of approximately 70% 
overall HA in the skin. Macroscopically, this significant loss did not strikingly affect the mice’s 
resting phenotype. But results from further (physiological) investigations led to the hypothesis of 
a reduced skin permeability due to elevated cornified envelop development. Further investigation 
is required. 
The mouse tumor models and in vitro ECM models showed that loss of Has2-derived HMW-HA 
did not interfere with MM activity and progression. The major weakness of this model was the 
low tumor-stroma interaction of ID inoculated tumors. Beyond that, one could imagine that the 
remaining HMW-HA in the Has2-knockdown mice inhibited tumor-activating effects. The in vitro 
models containing solely LMW-HA showed an activating role of LMW-HA fragments which falls in 
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